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has been f o u n d  f o r  two new l e v e l s  o f  Be i n t h e  r e g i o n  
o f  20 MeV e x c i t a t i o n  e n e r g y .
P A R T  I
S h e l l  Model  C a l c u l a t i o n s  f o r  N u c l e i
i n  t h e  1 p - She  11
S e c t i o n  1A: I n t r o d u c t i o n
1.  S h e l l  Model  C a l c u l a t i o n s :
In o r d e r  t h a t  some k n o w l e d g e  m i g h t  be g a i n e d  
c o n c e r n i n g  t h e  s t r u c t u r e  o f  n u c l e i ,  w h i c h  a r e  s y s t e m s  o f  
many p a r t i c l e s  i n t e r a c t i n g  t h r o u g h  s h o r t  r a n g e  f o r c e s ,  
many n u c l e a r  m o d e l s ,  bas ed  on v a r i o u s  s i m p l i f i e d  
a s s u m p t i o n s ,  have  been p r o p o s e d .  The s u c c e s s  o f  a n y  o f  
t h e s e  mo d e l s  i s  j u d g e d  by t h e  e x t e n t  t o  w h i c h  i t s  
p r e d i c t i o n s  a r e  c o n f i r m e d  by e x p e r i m e n t s .  The s h e l l  
model  has s u c c e e d e d  a d m i r a b l y  i n  d e s c r i b i n g  and p r e d i c t i n g  
t h e  p r o p e r t i e s  o f  l o w - l y i n g  s t a t e s  o f  n u c l e i  l y i n g  n e a r  
c l o s e d  s h e l l s ,  t h u s  p r o v i d i n g  some i n s i g h t  i n t o  t h e i r  
s t r u c t u r e .  S i n c e  many d e t a i l e d  r e v i e w s ^  ^  o f  t h i s  
model  a r e  a v a i l a b l e ,  we s h a l l  d i s c u s s  b r i e f l y  o n l y  t h e  
s a l i e n t  p o i n t s  w h i c h  a r e  o f  i n t e r e s t  t o  t h i s  t h e s i s .
To b e g i n  w i t h ,  t h e  n u c l e a r  s h e l l  model  assumes 
t h a t  t h e  i n t e r a c t i o n s  b e t we e n  t h e  n u c l e o n s  i n  t h e  
n u c l e u s  ( a b o u t  w h i c h  we r e a l l y  do n o t  know v e r y  much,  
t h o u g h  a c o n s i d e r a b l e  k n o w l e d g e  o f  f r e e  n u c l e o n  
i n t e r a c t i o n s  i s  now a v a i l a b l e )  may be l a r g e l y  r e p l a c e d  
by an o v e r a l l  e f f e c t i v e  p o t e n t i a l  f i e l d  a c t i n g  on each  
n u c l e o n  i n d e p e n d e n t l y .  H a r t r e e - F o c k  c a l c u l a t i o n s  
p r o v i d e  a me t h od  f o r  c a l c u l a t i n g  t h i s  a v e r a g e  n u c l e a r  
f i e l d  and many s uc h  c a l c u l a t i o n s  have  been r e p o r t e d  i n
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t h e  r e c e n t  p a s t .  For  s h e l l  model  c a l c u l a t i o n s ,  d e t a i l e d  
p r o p e r t i e s  o f  t h i s  a v e r a g e  p o t e n t i a l  f i e l d  a r e  n o t  v e r y  
i m p o r t a n t  a s ,  i n  g e n e r a l ,  i t  o n l y  p r o v i d e s  a good s t a r t i n g  
p o i n t  f o r  a p e r t u r b a t i o n  c a l c u l a t i o n  wh e r e  i n t e r p a r t i c l e  
i n t e r a c t i o n s  ( assumed t o  be t w o - b o d y  i n t e r a c t i o n s )  a r e  
i n c l u d e d  i n  h i g h e r  o r d e r s .  To o b t a i n  i n f o r m a t i o n  a b o u t  
t h e  i n t e r - p a r t i c l e  i n t e r a c t i o n s  i n s i d e  t h e  n u c l e u s ,  and 
t o  e x p l a i n  and p r e d i c t  t h e  p r o p e r t i e s  o f  n u c l e a r  l e v e l s ,  
many s h e l l  model  c a l c u l a t i o n s  have  been p e r f o r m e d .
These  c a l c u l a t i o n s  may be d i v i d e d  i n t o  t h r e e  c a t e g o r i e s .  
These  c a t e g o r i e s  a r e  g e n e r a l l y  d i s t i n g u i s h e d  by t h e  way 
i n  w h i c h  t h e  n u c l e o n - n u c l e o n  i n t e r a c t i o n s  a r e  t r e a t e d ,  
and a r e  o f t e n  c a l l e d  c o n v e n t i o n a l ,  r e a l i s t i c  and 
e f f e c t i v e  i n t e r a c t i o n  c a l c u l a t i o n s .
C a l c u l a t i o n s  u s i n g  c o n v e n t i o n a l  i n t e r a c t i o n s ^  
a r e  t h e  o l d e s t  i n  n u c l e a r  s h e l l  m o d e l .  In t h e s e  
c a l c u l a t i o n s  some s i m p l i f i e d  f o r c e s  b e t we e n  n u c l e o n s  
a r e  assumed ,  and o f t e n  t h e  f i t  t o  t h e  d a t a  i s  o b t a i n e d  
by v a r y i n g  t h e  s t r e n g t h  and t h e  e x c h a n g e  c h a r a c t e r  o f  
t h e s e  f o r c e s .  Though t h e s e  c a l c u l a t i o n s  a r e  b e c o mi n g  
r a r e r  t h e s e  d a y s ,  y e t  t h e y  have  s u c c e e d e d  i n  e l i c i t i n g  
some g e n e r a l  f e a t u r e s  o f  t h e  s t r u c t u r e  o f  n u c l e i .  The 
s e c on d  t y p e  o f  c a l c u l a t i o n s ^  u s i n g  r e a l i s t i c  
i n t e r a c t i o n s ,  i . e .  t h e  i n t e r a c t i o n s  w h i c h  a r e  c o n s i s t e n t
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w i t h  t h e  i n f o r m a t i o n  d e r i v e d  f r o m n u c l e o n - n u c l e o n  
s c a t t e r i n g  e x p e r i m e n t s ,  h a v e  s t a r t e d  a p p e a r i n g  o n l y  
r e c e n t l y .  From t h e s e  c a l c u l a t i o n s ,  g e n e r a l l y  an a t t e m p t  
i s  made  t o  u n d e r s t a n d  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  i n t e r ­
p a r t i c l e  and t h e  f r e e  t w o - n u c l e o n  i n t e r a c t i o n s .  The 
t h i r d  c a t e g o r y  o f  c a l c u l a t i o n s ,  t h e  o n e  wh i c h  w i l l  be
u s e d  i n  t h e  p r e s e n t  t h e s i s ,  was  i n t r o d u c e d  i n  n u c l e a r
5 )
s t r u c t u r e  p h y s i c s  by Ta l mi  a f ew y e a r s  a g o .  In t h e s e  
c a l c u l a t i o n s  no a s s u m p t i o n  i s  made  a b o u t  t h e  s p e c i f i c  
f o r m o f  t h e  a v e r a g e  n u c l e a r  p o t e n t i a l  f i e l d  o r  t h e  
i n t e r - p a r t i c l e  i n t e r a c t i o n s .  For  a p a r t i c u l a r  c h o i c e  o f  
a c o n f i g u r a t i o n  ( a  s e t  o f  s i n g l e  p a r t i c l e  s t a t e s  o c c u p i e d  
by i n d i v i d u a l  n u c l e o n s ) ,  a l l  t h e  r e l e v a n t  t w o - b o d y  m a t r i x  
e l e m e n t s  and  t h e  s i n g l e - p a r t i c l e  e n e r g i e s  a r e  t r e a t e d  a s  
f r e e  p a r a m e t e r s ,  a nd  t h e i r  v a l u e s  a r e  d e t e r m i n e d  by 
s i m u l t a n e o u s l y  f i t t i n g  a s e t  o f  e n e r g y  l e v e l s  i n t h e  
n u c l e i  u n d e r  c o n s i d e r a t i o n .  The o b t a i n e d  s i n g l e - p a r t i c l e  
e n e r g i e s  and  t h e  m a t r i x  e l e m e n t s  o f  t h e  e f f e c t i v e  
i n t e r a c t i o n  h a v e  a t  t h e i r  b a s i s  a good f i t  t o  t h e  
e x p e r i m e n t a l  d a t a ,  a n d  t h u s  may be u s e d  w i t h  some 
c o n f i d e n c e  f o r  e x p l a i n i n g  and  p r e d i c t i n g  t h e  p r o p e r t i e s  
o f  o t h e r  l e v e l s  i n  t h e  n u c l e i  b e i n g  s t u d i e d .  F u r t h e r ,  
t h e  v a l u e s  o f  t h e  m a t r i x  e l e m e n t s  may be u s e d  t o  d r aw 
some c o n c l u s i o n s  a b o u t  t h e  n a t u r e  o f  t h e  e f f e c t i v e
n u c l e a r  f o r c e s  i n s i d e  t h e  n u c l e u s .
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2.  F o r m u l a t i o n  o f  t h e  P r o b l e m :
The  l p - s h e l 1 n u c l e i ,  i . e .  t h e  n u c l e i  l y i n g  
w i t h i n  t h e  ma s s  number  r a n g e  o f  5 £ A £ 16,  h a v e  b e e n  
e x t e n s i v e l y  s t u d i e d  o v e r  t h e  y e a r s  by p e r f o r m i n g  a l l  t h e  
a b o v e  m e n t i o n e d  t h r e e  t y p e s  o f  s h e l l  model  c a l c u l a t i o n s .  
The r e a s o n s  f o r  t h i s  h a v e  b e e n ,  t h e  v a s t  a mount  o f  
e x p e r i m e n t a l  d a t a  w h i c h  h a v e  b e e n  c o l l e c t e d  f o r  t h e s e  
n u c l e i  a nd  t h e  s i m p l e  s h e l l  model  c o n f i g u r a t i o n s  w h i c h  
n e e d  be i n c l u d e d .
The f i r s t  e x t e n s i v e  s h e l l  model  c a l c u l a t i o n s
6  )f o r  t h e  l p - s h e l 1 n u c l e i  w e r e  made by K u r a t h  who u s e d
I n g l i s ' s  s u g g e s t i o n ^  t h a t  t h e  a c t u a l  c o u p l i n g  s c h e me
n e e d e d  f o r  e x p l a i n i n g  t h e  o b s e r v e d  l e v e l s  o f  t h e s e
n u c l e i  l i e s  s o me wh e r e  i n  b e t w e e n  t h e  LS a n d  j j  e x t r e m e s .
Such i n t e r m e d i a t e  c o u p l i n g  c a l c u l a t i o n s ,  i n c l u d i n g  new
8 )e x p e r i m e n t a l  d a t a ,  w e r e  r e p o r t e d  r e c e n t l y  by B a r k e r  
f o r  t h e  n u c l e i  o f  A = 6 t o  9.  In t h e s e  c a l c u l a t i o n s ,  
l i k e  K u r a t h ,  B a r k e r  has  a s s u me d  t h a t  t h e  l o w - l y i n g  
s t a t e s  o f  l p - s h e l  1 n u c l e i  b e l o n g  m a i n l y  t o  t h e  l o w e s t  
c o n f i g u r a t i o n  ( I s ) 11 ( l p ) ^ 1 \  and  t h a t  t h e  e f f e c t i v e  
i n t e r a c t i o n  c o n t a i n s  o n l y  t w o - b o d y  c e n t r a l  p l u s  o n e - b o d y  
s p i n - o r b i t  i n t e r a c t i o n s .  C a r r y i n g  o u t  t h e s e  
c a l c u l a t i o n s  w i t h  s i x  i n d e p e n d e n t  p a r a m e t e r s  ( t h r e e  
e x c h a n g e  m i x t u r e  p a r a m e t e r s ,  two r a d i a l  i n t e g r a l s  and
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t h e  s t r e n g t h  o f  t h e  s p i n - o r b i t  t e r m ) ,  B a r k e r  has 
o b s e r v e d  t h a t  t h e  s e t s  o f  p a r a m e t e r s  needed t o  f i t  t h e  
e x p e r i m e n t a l  d a t a  seem t o  depend  on t h e  A v a l u e .  Thus 
B a r k e r  has used  f o u r  s e t s  o f  p a r a m e t e r  v a l u e s  f o r  
e x p l a i n i n g  t h e  e x p e r i m e n t a l  d a t a  i n  n u c l e i  o f  A = 6 t o  9.  
Ou t  o f  t h e s e  f o u r  s e t s ,  t h e  s e t s  o f  p a r a m e t e r s  r e q u i r e d  
f o r  A = 6 and 7 n u c l e i  a r e  a l i k e ,  and t h o s e  f o r  A = 8 
and 9 n u c l e i  a r e  a l i k e ;  w i t h  an a p p r e c i a b l e  c ha n ge  
b e t w e e n  t h o s e  f o r  A = 7 and A = 8 n u c l e i .
Somewhat  s i m i l a r  o b s e r v a t i o n s ,  as t h o s e  o f
8 )
B a r k e r  have  been r e p o r t e d  by o t h e r  g r o u p s  o f  w o r k e r s 9 " 12)  
who hav e  c a r r i e d  o u t  e f f e c t i v e  i n t e r a c t i o n  s h e l l  model  
c a l c u l a t i o n s  f o r  t h e s e  n u c l e i .  A l l  o f  t h e s e  c a l c u l a t i o n s  
a r e  bas e d  on t h e  u se  o f  t h e  l o w e s t  c o n f i g u r a t i o n  
( I s )  ( l p ) A 4 , and t h u s  c o n s i d e r  o n l y  t h e  n o r ma l  p a r i t y  
( tt -  ( - 1 )  ) s t a t e s .  Fo r  suc h  c a l c u l a t i o n s ,  t h i s
c o n f i g u r a t i o n  g i v e s  15 m a t r i x  e l e m e n t s  o f  t h e  t w o - b o d y  
i n t e r a c t i o n  ( o r  o n l y  11 t w o - b o d y  m a t r i x  e l e m e n t s ,  i f  t h e  
ones  b e t w e e n  s t a t e s  o f  o p p o s i t e  s p a t i a l  s y m m e t r y  a r e  n o t  
c o n s i d e r e d )  and two s i n g 1e - p a r t i c 1e e n e r g i e s  w i t h  r e s p e c t  
t o  t h e  4 He c o r e .  The v a l u e s  o f  t h e s e  q u a n t i t i e s  have  
been  d e t e r m i n e d  by t h e s e  a u t h o r s  by f i t t i n g  a p p r o x i m a t e l y  
35 e n e r g i e s  o f  t h e  g r o u n d  and e x c i t e d  s t a t e s  o f  l p - s h e l l  
n u c l e i  l y i n g  w i t h i n  t h e  mass number  r a n g e  o f  5 t o  16.
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9 )From t h e  f i r s t  c a l c u l a t i o n  o f  t h i s  t y p e ,  Ami t  and  Kat z
h a v e  o b s e r v e d  t h a t  t h e y  c an  f i t  s i m u l t a n e o u s l y  t h e
e x p e r i m e n t a l  d a t a  i n  n u c l e i  o f  A  ^ 8,  b u t  c a n n o t
r e p r o d u c e  t h e  c o r r e c t  o r d e r i n g  o f  l e v e l s  in n u c l e i  o f
A = 6 and  7.  They h a v e  t h u s  o m i t t e d  A = 6 and  7 n u c l e i
f r o m t h e i r  f i n a l  f i t s .  In a s i m i l a r  c a l c u l a t i o n ,  Cohen 
10 )a nd  K u r a t h  h a v e  u s e d  some d i f f e r e n t  l e v e l s  a t  t h e
i n p u t  o f  c o m p u t a t i o n s ,  a n d  h a v e  e x p e r i e n c e d  a s i m i l a r
k i n d  o f  t r o u b l e .  T h i s  h a s  l e d  t hem t o  o m i t  A = 6 and  7
* )n u c l e i  f r o m two o f  t h e i r  t h r e e  f i n a l  f i t s .  K i r i n
11 ) f )U n i v e r s i t y  w o r k e r s  h a v e  c a r r i e d  o u t  a s i m i l a r
c a l c u l a t i o n  f o r  A = 6 t o  14 n u c l e i  by k e e p i n g  t h e  
v a r i a b l e  s i n g l e - p a r t i c l e  e n e r g y  p a r a m e t e r s  d e p e n d e n t  on 
A, f o r  t h e  n u c l e i  o f  A = 6 t o  9 .  Though t h e s e  a u t h o r s  
h a v e  n o t  g i v e n  any  r e a s o n ,  y e t  i t  i s  i n t e r e s t i n g  t o  n o t e
*)  Cohen and K u r a t h  h a v e  o b t a i n e d  t h r e e  s e t s  o f  m a t r i x  
e l e m e n t s  o f  t h e  e f f e c t i v e  t w o - b o d y  i n t e r a c t i o n  w h i c h  t h e y  
h a v e  l a b e l l e d  by ( 8 - 1 6 )  POT, ( 8 - 1 6 )  2BME and  ( 6 - 1 6 )  2 BME. 
N u me r a l s  i n c l u d e d  i n  t h e  b r a c k e t s  d e n o t e  t h e  A v a l u e s  o f  
t h e  n u c l e i  w h i c h  ha v e  b e e n  f i t t e d ,  and  t h e  l a b e l s  POT and 
2BME d i f f e r  in t h e  number  o f  f r e e  p a r a m e t e r s  u s e d .  For  
2BME c a s e s  t h e r e  a r e  17 f r e e  p a r a m e t e r s  (2 s i n g l e - p a r t i c l e  
e n e r g i e s  and  15 t w o - b o d y  m a t r i x  e l e m e n t s ) ,  w h i l e  f o r  t h e  
POT c a s e  t h e r e  a r e  13 f r e e  p a r a m e t e r s  (2 s i n g l e - p a r t i c l e  
e n e r g i e s  and  11 t w o - b o d y  m a t r i x  e l e m e n t s ) ,  
t )  The  a u t h o r  i s  t h a n k f u l  t o  Dr .  Y. A k a i s h i  o f  t h e  
Kyo t o  U n i v e r s i t y  f o r  s e n d i n g  him a p h o t o - c o p y  o f  t h i s  wo r k .
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from their final values of parameters that the I P 3/2
orbital lies higher in energy than the lP^/2 o r kital in
A = 6 and 7 nuclei, and they lie in reversed positions in
A = 8 and 9 nuclei. The next such calculation for these
12 )nuclei is that of Goldhammer et al , who have included 
also the effective three-body forces in their fits.
These authors have found that they can fit reasonably 
well the data of all nuclei in the lp-shell, except that 
of the nuclei of mass number 8. Due to this, they have 
omitted A = 8 nuclei from their final fits.
Different authors have given different
probable causes for the diff i c u l t y  faced by them while
trying to fit the data of the lp-shell nuclei. For
12)example, Goldhammer et al have argued that there is
a - c l u s t e r i n g  in some of the lp-shell nuclei, and, in
particular, in the nuclei of mass number 8. Acc o r d i n g
to them, a - c l u stering makes a substantial contribution
to the energies of levels of these nuclei. On the other
10 )hand, Cohen and Kurath feel that near the beginning
part of the lp-shell, both the size of the lp-orbitals
and the effective interaction with the ^He core, change
a p p r e c i a b l y  with the number of lp nucleons. So if the
parameters are assumed to stay constant throughout the
9-12)lp-shell, as has been done by all previous authors ,
A 8
o ne  g e t s  an  o v e r a l l  p o o r  f i t  n e a r  t h e  l o w e r  end o f  t h e  
s he 11.
From t h e  mode l  wave f u n c t i o n s  w h i c h  r e s u l t  by
8 )f i t t i n g  t h e  e n e r g i e s  o f  l e v e l s ,  B a r k e r  , Cohen and
K u r a t h ^ '  ^ , and Varma and Go 1d h a m m e r ^ ^  ( u s i n g  t h e
12 )wave f u n c t i o n s  o f  Go ldhammer  e t  a l  ) have  c a l c u l a t e d  
t h e  v a l u e s  o f  M l  t r a n s i t i o n  r a t e s ,  m a g n e t i c  d i p o l e  
m ome n t s ,  l o g  f t  v a l u e s  o f  (3 -decays  and r e d u c e d  w i d t h s  
f o r  s i n g l e - n u c l e o n  t r a n s f e r  r e a c t i o n s .  Varma and 
Go ldhammer  have  a l s o  c a l c u l a t e d  t h e  v a l u e s  o f  t w o - n u c l e o n  
t r a n s f e r  s p e c t r o s c o p i c  f a c t o r s .  Some o f  t h e s e  
c a l c u l a t e d  q u a n t i t i e s  a r e  i n  d i s a g r e e m e n t  w i t h  t h e  
o b s e r v e d  v a l u e s .  F u r t h e r ,  some new e x p e r i m e n t a l  d a t a  
hav e  become a v a i l a b l e  w h i c h  have  n o t  been f i t t e d  by  any  
a u t h o r .
The o n l y  e x t e n s i v e  r e a l i s t i c  i n t e r a c t i o n
c a l c u l a t i o n  f o r  t h e  l p - s h e l l  n u c l e i  i s  t h a t  o f  
15)H a l b e r t  e t  a l  who have  used  t h e  p a r a m e t e r s  o f  t h e
*1 c  \
H a m a d a - J o h n s t o n  p o t e n t i a l  f o r  o b t a i n i n g  t h e  v a l u e s  o f  
t h e i r  t w o - b o d y  m a t r i x  e l e m e n t s .  In t h e s e  c a l c u l a t i o n s ,  
H a l b e r t  e t  a l  have  a t t e m p t e d  t o  f i t  t h e  e n e r g y  l e v e l s  o f  
t h e  l p - s h e l l  n u c l e i  by m a k i n g  t h e  h a r m o n i c  o s c i l l a t o r  
s i z e - p a r a m e t e r  and t h e  s i n g l e - p a r t i c l e  ( l P ^ / 2  "  ^ p3 / 2  ^
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e n e r g y  s p l i t t i n g  as v a r i a b l e  p a r a m e t e r s  d e p e n d e n t  on A.  
T h e s e  a u t h o r s  have  s u c c e e d e d  i n  o b t a i n i n g  a f a i r  f i t  t o  
t h e  d a t a ,  b u t  t h e  r e s u l t i n g  s i n g l e - p a r t i c l e  e n e r g y  
s p l i t t i n g s  seem u n r e a s o n a b l e ,  b e i n g  s e v e r a l  MeV g r e a t e r  
t h a n  t h e  ones  e x p e c t e d  f r o m  e x p e r i m e n t s  o r  f r o m  s h e l l  
mode l  ca 1 cu 1 a t  i o n s ^ '  ^  \
I n  t h e  p a s t  f ew y e a r s ,  many a u t h o r s  have  g i v e n
t w o - b o d y  m a t r i x  e l e m e n t s  o f  t h e  r e a l i s t i c  i n t e r a c t i o n s
w h i c h  may be used f o r  c a l c u l a t i n g  t h e  s p e c t r a  and o t h e r
p r o p e r t i e s  o f  l e v e l s  i n  t h e  l p - s h e l 1 n u c l e i .  Thes e  m a t r i x
1 7 )e l e m e n t s  a r e  due t o  B e c k e r  and M a c k e l l a r  , and A k a i s h i  
1 8 )and Tak ada  s t a r t i n g  f r o m  t h e  H a m a d a - J o h n s t o n  p o t e n t i a l ;  
H u l l  and S h a k i n ^ ^  and S h a k i n  e t  a l ^ ^  u s i n g  t h e  Y a l e  
p o t e n t i a l ;  and K o l t u n ^ ^  and E l l i o t t  e t  a - | 22 , 23 )  
s t a r t i n g  d i r e c t l y  f r o m  n u c 1 e o n - n u c 1 eon phase  s h i f t s .
So f a r  no e x t e n s i v e  s h e l l  mode l  c a l c u l a t i o n s  have been 
r e p o r t e d  f o r  t h e  l p - s h e l 1 n u c l e i  u s i n g  t h e s e  m a t r i x  
e l e m e n t s .
In v i e w  o f  t h e  o b s e r v a t i o n s  o f  p r e v i o u s  a u t h o r s ,  we 
hav e  a t t e m p t e d  t o  o b t a i n  a s e t  o f  i n t e r a c t i o n  p a r a m e t e r s  
w h i c h  may be a b l e  t o  f i t  t h e  d a t a  o f  t h e  l p - s h e l 1 n u c l e i ,  
and a r e  a b l e  t o  e x p l a i n  some o f  t h e  e x i s t i n g  
d i s c r e p a n c i e s  b e t we e n  t h e  c a l c u l a t e d  and t h e  o b s e r v e d
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v a l u e s  o f  e x c i t a t i o n  e n e r g i e s  and  o t h e r  q u a n t i t i e s .  In 
t h i s  p r o c e s s ,  we h a v e  a l s o  a t t e m p t e d  t o  l o o k  f o r  t h e  
p r o b a b l e  c a u s e  o f  t h e  d i f f i c u l t y  w h i c h  p r e v e n t s  v a r i o u s  
a u t h o r s  f r o m  f i t t i n g  s i m u l t a n e o u s l y  t h e  e n e r g i e s  o f  
l e v e l s  i n  t h e s e  n u c l e i ,
To o b t a i n  t h e  n e e d e d  s e t  o f  i n t e r a c t i o n  p a r a m e t e r s ,
we wo r k  i n  t h e  f r a m e w o r k  o f  t h e  me t h o d  o f  e f f e c t i v e
5 ) 8- 19 )i n t e r a c t i o n s  o f  Talmi  , and  l i k e  o t h e r  a u t h o r s  “ ,
i n c l u d e  o n l y  t h e  l o w e s t  c o n f i g u r a t i o n .  The o m i s s i o n  o f
h i g h e r  e x c i t e d  c o n f i g u r a t i o n s  i s  p r o b a b l y  n o t  s e r i o u s ,
a s  i t  ha s  b e e n  shown by some au t h o r s ^ '  ^   ^ f r o m a s t u d y
o f  p s e u d o  n u c l e i  t h a t  t h e  e f f e c t i v e  i n t e r a c t i o n  me t h o d
o f  Ta l mi  h a s  a c a p a b i l i t y  o f  a b s o r b i n g  some e f f e c t s  o f
8 )c o n f i g u r a t i o n  m i x i n g .  S i n c e  B a r k e r  has  a s s i g n e d  s p i n s  
a n d  p a r i t i e s  t o  many l e v e l s  i n  n u c l e i  o f  A = 6 t o  9 
f r o m h i s  s t u d y ,  and new e x p e r i m e n t a l  d a t a  h a v e  become 
a v a i l a b l e  i n  t h e  m e a n t i m e ,  i t  i s  now p o s s i b l e  f o r  us  t o  
s t u d y  t h e  l p - s h e l 1 n u c l e i  i n  s m a l l e r  g r o u p s  o f  A v a l u e s ,  
a s s u m i n g  t h e  i n t e r a c t i o n  p a r a m e t e r s  t o  s t a y  c o n s t a n t  o v e r  
s m a l l e r  r a n g e s  o f  mass  n u mb e r s  o n l y .  Thus  we o b t a i n  
d i f f e r e n t  s e t s  o f  i n t e r a c t i o n  p a r a m e t e r s  f o r  t h e  mass  
number  r a n g e s  o f  6 t o  9 and  11 t o  14 and  a p p l y  t hem t o  
s t u d y  t h e  n u c l e i  o f  A = 10 .  But  a s  o u r  r e s u l t s  i n t h e  
ma s s  number  r a n g e  o f  11 t o  14 a r e  o n l y  a s l i g h t
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i m p r o v e m e n t  o v e r  t h o s e  o f  Cohen and K u r a t h ^ '  ^ ^ , we a r e
n o t  r e p o r t i n g  t hem i n  t h i s  t h e s i s  a l t h o u g h ,  o c c a s i o n a l
r e f e r e n c e  w i l l  be made t o  t h e s e  n u c l e i .  We w i l l  be
m a i n l y  c o n c e n t r a t i n g  on t h e  l i g h t e r  n u c l e i  ( i . e .  A = 6 t o
9)  o f  t h e  l p - s h e l l /  some p r o p e r t i e s  o f  w h i c h  c o u l d  n o t  be
9 - 12  )f i t t e d  w e l l  by p r e v i o u s  a u t h o r s
To i n c r e a s e  t h e  amount  o f  a v a i l a b l e  e x p e r i m e n t a l  
i n f o r m a t i o n  f o r  t h e  s t u d y  o f  t h e  l i g h t e r  n u c l e i  o f  t h e  
l p - s h e l l ,  we have  a t t e m p t e d  t o  a n a l y s e  ( r e p o r t e d  i n  
p a r t  I I  o f  t h i s  t h e s i s )  t h e  r e c e n t  e x p e r i m e n t a l  d a t a  o f  
t h e  ^ L i ( p , a ) t+He r e a c t i o n .  Ho wev e r ,  t h i s  a n a l y s i s  p r o v e d  
q u i t e  l e n g t h y ,  and so ,  b e c a u s e  o f  l i m i t a t i o n s  o f  t i m e ,  
t h e  i n f o r m a t i o n  o b t a i n e d  c o u l d  n o t  be used  as i n p u t  i n  
t h e s e  s h e l l  mode l  c a l c u l a t i o n s .
From t h e  p r e s e n t  c a l c u l a t i o n s ,  we r e p o r t  a s e t  o f  
i n t e r a c t i o n  p a r a m e t e r s  w h i c h  t o g e t h e r  w i t h  t wo o t h e r  
p a r a m e t e r s  ( s e e  s e c t i o n  I E)  a r e  a b l e  t o  f i t  s i m u l t a n e o u s l y  
t h e  e n e r g i e s  o f  no r ma l  p a r i t y  l e v e l s  i n  t h e  l i g h t e r  
n u c l e i  o f  t h e  l p - s h e l l ,  and a r e  a b l e  t o  e x p l a i n  o t h e r  
o b s e r v a b l e  q u a n t i t i e s  ( l o g  f t  v a l u e s  o f  f - d e c a y s ,  Ml  
t r a n s i t i o n  s t r e n g t h s  and m a g n e t i c  d i p o l e  momen t s ,  and 
r e d u c e d  w i d t h s  f o r  s i n g l e  and t w o - n u c l e o n  t r a n s f e r  
r e a c t i o n s )  i n  good a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  v a l u e s .
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lie a l s o  i n d i c a t e  t h e  p r o b a b l e  c a u s e  o f  t h e  d i f f i c u l t y  
f a c e d  by v a r i o u s  a u t h o r s  w h i l e  t r y i n g  t o  f i t  t h e  e n e r g y  
l e v e l s  o f  t h e  l p - s h e l l  n u c l e i .  Due t o  t h e  l i m i t e d  a mount  
o f  e x p e r i m e n t a l  i n f o r m a t i o n  a t  t h e  i n p u t  o f  c o m p u t a t i o n s ,
some o f  t h e  p a r a m e t e r s  a r e  n o t  w e l l  d e t e r m i n e d ,  a s  has
8 )a l s o  b e e n  n o t e d  by many o t h e r  a u t h o r s .  We d i s c u s s  some
o f  s u c h  p a r a m e t e r s .  Our  f i t s  t o  some o f  t h e  o b s e r v a b l e
q u a n t i t i e s  ( l i k e  t h e  c h a n n e l  s p i n  r a t i o  f o r  t h e  f o r m a t i o n
o f  t h e  1 7 . 6 4  MeV l e v e l  o f  °Be i n t h e   ^L i ( p , y )  ^B e r e a c t i o n )
show t h a t  we o b t a i n  b e t t e r  v a l u e s  f o r  some o f  t h e s e
p a r a m e t e r s  t h a n  t h o s e  o f  t h e  p r e v i o u s  a u t h o r s .  We
c o mp a r e  t h e  r e s u l t i n g  v a l u e s  o f  t h e  t wo - b o d y  m a t r i x
e l e m e n t s  o f  t h e  e f f e c t i v e  i n t e r a c t i o n  w i t h  t h o s e  o f  
10 1 2 )o t h e r  a u t h o r s  '  , a nd  w i t h  t h o s e  o b t a i n e d  by s t a r t i n g
17 i q 1
f r o m r e a l i s t i c  i n t e r a c t i o n s  '  . Wi t h  t h e  h e l p  o f  t h e
c a l c u l a t e d  v a l u e s  o f  t h e  v a r i o u s  o b s e r v a b l e  q u a n t i t i e s ,
we f i t  some new e x p e r i m e n t a l  d a t a .  We do n o t  t r y  t o  f i t
E2 t r a n s i t i o n  p r o b a b i l i t i e s  a nd  O u a d r u p o l e  mo me n t s ,  a s  
8 )t h e y  a r e  known t o  d e p e n d  s e n s i t i v e l y  on c o n f i g u r a t i o n  
m i x i n g .
Some o f  t h e  f o r m u l a e  n e e d e d  f o r  t h i s  s t u d y  have  
b e e n  d e r i v e d ,  w h i l e  t h e  o t h e r s  h a ve  b e e n  t a k e n  f r om t h e  
l i t e r a t u r e .  T h i s  i n f o r m a t i o n  i s  c o l l e c t e d  i n  s e c t i o n  IB.  
The  e n e r g y  l e v e l s  wh i c h  h a v e  b e e n  f i t t e d  by u s ,  and by
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o t h e r s ,  f o r  o b t a i n i n g  t h e  v a l u e s  o f  t h e  m a t r i x  e l e m e n t s  
o f  t h e  e f f e c t i v e  t w o - b o d y  n u c l e a r  i n t e r a c t i o n  a r e  
c ompar ed  i n  s e c t i o n  i C,  and t h e  g e n e r a l  b 1o c k - d i a g r a m s  
o f  t h e  c o m p u t e r  p r o g r a m s ,  w h i c h  we have  w r i t t e n  f o r  t h i s  
s t u d y ,  a r e  g i v e n  i n  s e c t i o n  ID.  The r e s u l t s  o b t a i n e d  
f r o m  t h i s  s t u d y  a r e  d i s c u s s e d  i n  s e c t i o n s  I E,  IF and IG.  
In s e c t i o n  I E,  we g i v e  t h e  me t h od  w h i c h  has been used 
t o  o b t a i n  t h e  v a l u e s  o f  t h e  i n t e r a c t i o n  p a r a m e t e r s ,  and 
i n d i c a t e  t h e  p r o b a b l e  c a u s e  o f  t h e  d i f f i c u l t y  e x p e r i e n c e d  
by p r e v i o u s  a u t h o r s .  C o m p a r i s o n  o f  o u r  r e s u l t s  w i t h  
t h o s e  o f  o t h e r  a u t h o r s ,  c o m p a r i s o n  o f  m a t r i x  e l e m e n t s  
and f i t s  t o  some o f  t h e  new e x p e r i m e n t a l  d a t a  a r e  g i v e n  
i n  s e c t i o n  I F ,  w h i l e  t h e  e n e r g i e s  o f  l e v e l s ,  wave 
f u n c t i o n s  & p r e d i c t i o n s  o f  v a r i o u s  o b s e r v a b l e  Q u a n t i t i e s  
can be f o u n d  i n  s e c t i o n  IG.
S e c t i o n  I B:  Me t hod  o f  C a l c u l a t i o n s
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1.  S h e l l  Model  C a l c u l a t i o n s :
A l l  t h e  n e c e s s a r y  m a t h e m a t i c a l  f o r m a l i s m  needed f o r  
u s u a l  s h e l l  model  c a l c u l a t i o n s  has been a d e a u a t e l y  
d e s c r i b e d  i n  t h e  l i t e r a t u r e ^ - Vie w o u l d  t h u s  be
s u m m a r i s i n g  m a i n l y  t h e  e s s e n t i a l  i d e a s ,  and t h e  r e l e v a n t  
f o r m u l a e ,  w h i c h  a r e  needed f o r  t h e  d i s c u s s i o n  t o  f o l l o w .
A s s u m i n g  t h a t  o n l y  t h e  t w o - b o d y  p a r t  o f  t h e  
i n t e r - p a r t i c l e  i n t e r a c t i o n s  i s  i m p o r t a n t ,  t h e  n u c l e a r
1 )H a m i l t o n i a n  f o r  a s y s t e m  o f  A n u c l e o n s  can be w r i t t e n  
as :
A
H = I T . + E V . .  ( 1 . 1 )
i - 1  1 K j  IJ
w h e r e  T.  r e p r e s e n t s  t h e  k i n e t i c  e n e r g y  o f  t h e  i t h  
p a r t i c l e  and V . j  i s  t h e  o p e r a t o r  o f  t h e  n u c l e o n - n u c l e o n  
i n t e r a c t i o n .  S u p p o s i n g  H i s  known,  t h e  e i g e n f u n c t i o n s  
and t h e  e i g e n v a l u e s  E^ can be o b t a i n e d  by s o l v i n g  
t h e  S c h r ö d i n g e r  e q u a t i o n
H Y = E ¥ ( 1 . 2 )
V V V
may be e x p r e s s e d  as a l i n e a r  s u p e r p o s i t i o n  o f  a 
c o m p l e t e  s e t  ( y  + °°) o f  some s u i t a b l e  o r t h o n o r m a l  b a s i s  
s t a t e s  , i . e .y
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V  =  I  a \p . 3 )
v y y
y
S u b s t i t u t i n g  ( 1 . 3 )  i n  ( 1 . 2 ) ,  one  g e t s
I a V (H -  E ) ifj = 0 ( 1 . 4 )
y v  r y
y
*)|*
M u l t i p l y i n g  by  and i n t e g r a t i n g  o v e r  a l l  c o o r d i n a t e s ,  
one  g e t s  t h e  s e t  o f  e q u a t i o n s :
Z
y
va
y
o
w i t h
= /  \ p *  H ip dx
03 y
( 1 . 5 )
( 1. 6 )
For  a n o n - t r i v i a l  s o l u t i o n  o f  ( 1 . 5 ) ,  we r e q u i r e
0 ( 1 . 7 )
Th u s ,  i f  t h e  H a r e  known,  ( 1 . 7 )  g i v e s  t h e  e i g e n e n e r g i es
U3y
E,  , and t h e n  ( 1 . 5 )  g i v e s  t h e  c o e f f i c i e n t s  aV w h i c hv y
d e f i n e  t h e  wave f u n c t i o n s  ¥ .
I n p r i n c i p l e ,  by t a k i n g  an i n f i n i t e  s e t  o f  ij; , 
an e x a c t  e x p a n s i o n  o f  can be o b t a i n e d .  Bu t  t h i s  
w o u l d  i n v o l v e  a p r o h i b i t i v e  am oun t  o f  w o r k .  Thus o n l y  a
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f e w t e r ms  i n  t h e  s u m m a t i o n  on t h e  r i g h t  hand s i d e  o f  
( 1 . 3 )  a r e  r e t a i n e d .  T h i s  amoun t s  t o  s a y i n g  t h a t  one goes 
o v e r  f r o m  an i n f i n i t e  s e t  o f  b a s i s  s t a t e s  t o  a f i n i t e  
s e t ,  a s s u m i n g  t h a t  o n l y  a f e w v a l u e s  o f  y a r e  s u f f i c i e n t  
t o  d e t e r m i n e  t o  a good a p p r o x i m a t i o n .
As t h e  c a l c u l a t i o n  o f  and a^ f r o m  ( 1 . 7 )  and 
( 1 . 5 )  i s  a s t a n d a r d  p r o b l e m  f o r  any  e l e c t r o n i c  c o m p u t e r  
( f o r  t h e  assumed f i n i t e  s e t  o f  b a s i s  s t a t e s ) ,  t h e  
e n e r g y  l e v e l s  and t h e  a c c o m p a n y i n g  wave f u n c t i o n s  f o r  an
A - n u c l e o n  s y s t e m  may be e a s i l y  c o mpu t ed  p r o v i d e d  H ,
wy
t h e  m a t r i x  e l e m e n t s  o f  t h e  H a m i l t o n i a n  H, a r e  known.
Due t o  t h e  unk nown n a t u r e  o f  t h e  i n t e r - p a r t i c 1e 
i n t e r a c t i o n  o p e r a t o r  V . . ( w h i c h  a p p e a r s  i n  t h e  
e x p r e s s i o n  o f  H ) ,  t h e  m a i n  p r o b l e m  i n  s h e l l  model  
c a l c u l a t i o n s  c e n t r e s  a r o u n d  t h e  c a l c u l a t i o n  o f  t h e  m a t r i x  
e l e m e n t s  H ( w h i c h  a t  t h i s  s t a g e  a p p e a r  i n  t e r m s  o f  t h e  
m a n y - p a r t i c l e  b a s i s ) .
I n t h e  s h e l l  m o d e l ,  t h e  many p a r t i c l e  b a s i s  s t a t e s  
ip a r e  c o n s t r u c t e d  by  c o m p l e t e l y  a n t i s y m m e t r i s i n g  t h e  
p r o d u c t s  o f  s i n g l e - p a r t i c l e  s t a t e s  <j> o f  t h e  i n d i v i d u a l  
n u c l e o n s .  Fo r  o b t a i n i n g  t h e s e  s i n g l e - p a r t i c l e  s t a t e s ,  
some s i m p l e  c e n t r a l  p o t e n t i a l  l i k e  t h e  h a r m o n i c  
o s c i l l a t o r  p o t e n t i a l  i s  u s e d .
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An a n t i s y m m e t r i c  s t a t e  ij; o f  A p a r t i c l e s  may be 
c o n s i d e r e d  t o  be  made up o f  a l l  s u i t a b l e  c o m b i n a t i o n s ,  
s a y ,  o f  t h e  a n t i s y m m e t r i c  s t a t e s  ib o f  ( A — 2)  p a r t i c l e s  
and ^2 o f  t w o - p a r t i c 1 e s , i . e .
^ = Z ( 1 . 8 )
2k i>2
The n u m e r i c a l  c o e f f i c i e n t s  (^11 i£ a p p e a r i n g  i n  ( 1 . 8 ) ,
a r e  c a l l e d  t h e  2 - p a r t i c l e  f r a c t i o n a l  p a r e n t a g e  
c o e f f i c i e n t s  ( f . p . c ’ s )  and d e f i n e  how t h e  s t a t e  ij; i s  
f o r me d  f r o m i t s  p a r e n t s  iji and tJ^ .  The n o t a t i o n ,  {j  ^ , 
i n d i c a t e s  t h e  p r o p e r l y  a n t i s y m m e t r i s e d  wave  f u n c t i o n  o f  
a s t a t e  f o r me d  f r o m two d i f f e r e n t  g r o u p s  o f  p a r t i c l e s .  
S i m i l a r  t o  t h e  t w o - p a r t i c l e  f . p . c ’ s ,  o n e  ha s  1 - p a r t i c l e  
f . p . c ' s  w i t h  t h e  h e l p  o f  w h i c h  a s t a t e  i); o f  A p a r t i c l e s  
c a n  be  e x p r e s s e d  a s  a c o m b i n a t i o n  o f  s t a t e s  ijJ o f  ( A - l )  
p a r t i c l e s ,  and t h e  s t a t e  4> o f  t h e  s i ng 1 e - p a  r t  i c 1 e .
U s i n g  t h e  c o n c e p t s  o f  f . p . c ’ s a s  o u t l i n e d  a b o v e  
and n o t i n g  t h a t  t h e  t o t a l  H a m i l t o n i a n  H i s  a sum o f  one  
and t w o - b o d y  o p e r a t o r s ,  t h e  m a t r i x  e l e m e n t s  o f  H b e t w e e n  
t h e  m a n y - p a r t i c 1e b a s i s  may be e x p r e s s e d  a s  a l i n e a r  
c o m b i n a t i o n  o f  m a t r i x  e l e m e n t s  b e t w e e n  o n e  and t w o - p a r t i c l e  
s t a t e s .  For  e x a m p l e ,  s i n c e  t h e  ^ e t c .  a r e  a n t i s y m m e t r i c
i n  a l l  p a r t i c l e s ,  t h e  m a t r i x  e l e m e n t s  | V . .  1^ > w i l l
co 1J y
A l  8
have  t h e  same v a l u e  f o r  any  p a i r  o f  p a r t i c l e s  i and j  ,
. . 1)  g i v i n g
<i|j I Z V . .  | iJj > = \  A ( A - l )  <ip I V. - A > ( 1 . 9 )  
w 1 . < •  U  p 2 V  A - 1 / A Yy
U s i n g  t h e  e x p a n s i o n  g i v e n  i n  ( 1 . 8 ) /  ( 1 . 9 )  becomes :
^ V . |U > = j  A ( A - l )  E , ( i p j j l i  ip2 ) 0H| ±  ^ 2 )
i < j  t  ^ 2  ^2 ^
< V  VA - 1 / A ' V  ( , * 10)
wh e r e  ^  i s  t h e  same i n  t h e  e x p a n s i o n s  o f  and if; , as 
^ A - l  A ^ oes n o t  c o n t a i n  t h e  c o o r d i n a t e s  o f  1 t o  ( A - 2 )  
p a r t i c l e s  f r o m  w h i c h  &  i s  c o n s t r u c t e d .  Thus u s i n g  
( 1 . 1 0 ) /  t h e  m a n y - p a r t i c 1e m a t r i x  e l e m e n t s  can be e x p r e s s e d  
as a sum o f  t w o - p a r t i c l e  m a t r i x  e l e m e n t s .
The m a t r i x  e l e m e n t s  o f  t h e  k i n e t i c  e n e r g y  o p e r a t o r
T.  g i v e  a c o n s t a n t  d i a g o n a l  c o n t r i b u t i o n  t o  H i n  aI wy
g i v e n  c o n f i g u r a t i o n .  I f  a b s o l u t e  e n e r g i e s  o f  l e v e l s  a r e  
n o t  c o n s i d e r e d /  t h e i r  c o n t r i b u t i o n  may be n e g l e c t e d .
Thus u s i n g  ( 1 . 1 0 ) /  t h e  p r o b l e m  o f  e v a l u a t i n g  H i s  
r e d u c e d  t o  t h e  p r o b l e m  o f  e v a l u a t i n g  t h e  t w o - p a r t i c l e
I
m a t r i x  e l e m e n t s  < ^ 2 | ^  | ^ 2 > w h i c h  depend  on t h e
t w o - p a r t i c l e  s t a t e s  ^ 2 and t h e  i n t e r - p a r t i c 1e i n t e r a c t i o n s .
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Then t o  e v a l u a t e  t h e s e  m a t r i x  e l e m e n t s ,  i t  i s  d e s i r a b l e
t o  s e l e c t  s u i t a b l e  s i ng 1 e - p a  r t  i c 1 e f u n c t i o n s  <j> and t o
know a b o u t  t h e  f o r c e s  b e t we e n  t h e  n u c l e o n s .  Hue t o  o u r
i n a d e q u a t e  k n o w l e d g e  a b o u t  t h e  d e t a i l s  o f  t h e s e  t wo
5 )q u a n t i t i e s ,  i n  t h e  me t h o d  o f  T a l m i  ( w h i c h  we a r e  u s i n g  
i n  t h e  p r e s e n t  s t u d y ) ,  t h e  t w o - p a r t i c 1e m a t r i x  e l e m e n t s
I
<i^2 I V^_^  ^  14^^  a r e  t r e a t e d  as f r e e  p a r a m e t e r s  and t h e i r  
v a l u e s  a r e  d e t e r m i n e d  by o b t a i n i n g  a b e s t  p o s s i b l e  f i t  
t o  a s e t  o f  e n e r g y  l e v e l s  i n  t h e  n u c l e i  u n d e r  
c o n s i d e r a t i o n .  Thus t h e  d e t a i l s  o f  V. . and o f  $ a r e  
1 e f t  u n s p e c i f i e d .
H a v i n g  d i s c u s s e d  i n  v e r y  g e n e r a l  t e r m s  t h e  
p r i n c i p l e  o f  t h e  me t h o d  o f  c a l c u l a t i o n s ,  we now d i s c u s s  
t h e  s y mme t r y  p r o p e r t i e s  o f  t h e  H a m i l t o n i a n  H. These  
h e l p  i n  t h e  s p e c i f i c a t i o n  o f  t h e  b a s i s  s t a t e s  and i n  t h e  
r e d u c t i o n  o f  t h e  m a g n i t u d e  o f  t h e  c a l c u l a t i o n .  The t o t a l  
H a m i l t o n i a n  H o f  t h e  s y s t e m  i s  assumed t o  be:
i )  i n v a r i a n t  u n d e r  r o t a t i o n ,
i i )  i n v a r i a n t  u n d e r  i n v e r s i o n  o f  a l l  s pac e  
c o o r d i n a t e s  t h r o u g h  t h e  o r i g i n ,
and i i i )  c h a r g e  i n d e p e n d e n t  ( i f  Coul omb i n t e r a c t i o n
b e t we e n  p r o t o n s  i s  t r e a t e d  as a p e r t u r b a t i o n ) .  
These  c o n d i t i o n s  g i v e  t h e  t o t a l  a n g u l a r  momentum J , 
i t s  p r o j e c t i o n  M , t h e  p a r i t y  tt , t h e  i s o s p i n  T and i t s
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p r o j e c t i o n  My as good c u a n t u m n u mb e r s .  M a t r i x  e l e m e n t s  
c o n n e c t i n g  s t a t e s  w i t h  d i f f e r e n t  v a l u e s  o f  good qua n t u m 
numbers  a r e  z e r o ;  i . e .  i f  t h e  b a s i s  s t a t e s  a r e  c h o s e n  
so t h a t  t h e s e  f i v e  qua n t u m number s  a r e  good qua n t u m
number s  f o r  t hem,  t h e n  H = 0  w h e n e v e r  ^ and ^ d i f f e rcop 00 p
i n  any  o f  t h e  good qua n t u m number s  J , M , tt , T and My.  
Thus w i t h  t h i s  c h o i c e  o f  b a s i s  s t a t e s /  t h e  e q u a t i o n s  
( 1 . 5 )  b r e a k  up i n t o  s e t s  o f  u n c o u p l e d  e q u a t i o n s /  each 
s e t  b e i n g  f o r  a d e f i n i t e  J , M /  tt / T and My.  T h i s  
s i m p l i f i e s  t h e  c a l c u l a t i o n s  t o  a g r e a t  e x t e n t .
I n t r o d u c i n g  d e t a i l s  a b o u t  t h e  p r e s e n t  c a l c u l a t i o n s /  
we m e n t i o n  t h a t  we t r u n c a t e  t h e  s i z e  o f  t h e  many -  
p a r t i c l e  b a s i s  by  r e d u c i n g  t h e  number  o f  a c c e s s i b l e  
s i n g l e - p a r t i c l e  l e v e l s .  Thus i n  t h e  n u c l e i  o f  
5 <. A ^ 16/  we assume t h a t  t h e  f i r s t  f o u r  n u c l e o n s  f i l l  
t h e  c l o s e d  l s ^  s h e l l  ( w h e r e  t h e  n o t a t i o n  I s  s p e c i f i e s  
t h e  v a l u e s  o f  n and £ , t h e  r a d i a l  and o r b i t a l  a n g u l a r  
momentum qua n t u m n u mb e r s /  r e s p e c t i v e l y ) /  and t h a t  t h e  
r e m a i n i n g  m = A- 4  n u c l e o n s  p o p u l a t e  o n l y  t h e  l p  s i n g l e ­
p a r t i c l e  o r b i t a l s  o u t s i d e  t h i s  s h e l l .  T h i s  may be
4 me x p r e s s e d  i n  a c o n f i g u r a t i o n  f o r m  by I s  l p  . R e s t r i c t i n g  
t o  t h i s  l o w e s t  c o n f i g u r a t i o n /  we c o n s i d e r  o n l y  t h e  s t a t e s  
o f  no r ma l  p a r i t y ,  i . e .  t h e  s t a t e s  o f  p a r i t y  tt =  ( - l ) m.
To b u i l d  t h e  m a n y - p a r t i c 1e s t a t e s  o f  a d e f i n i t e
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total angular momentum (and other quantum numbers),
two different coupling schemes, called the LS and the jj
1 )coupling schemes , have been used. For light nuclei,
generally, LS coupled basis states are used (L and S
refer to total orbital and spin angular momenta,
respectively). In the specification of LS coupled
states, one more label, [A], is used. This extra label
1)specifies the orbital symmetry of the particles %
Choosing LS coupled basis states, the truncated 
form of the expansion (1.3) becomes
(TMt JM) = I aV,,TC, , 
T [X] SL [X]TSLJ
ipu
The parity quantum number, tt , has not been shown
explicitly in (1.11) as it is determined by the
4 mconfiguration Is lp , The properly antisymmetrised 
LS coupled basis states for m nucleons in the lp-shel1 
which enter into the expansion (1.11) have been listed 
in the literature, e.g. in the review article of 
Elliott and Lane^\ (There are some duplicate states 
for m = C which are not distinguished by the present 
labelling system.) We use the basis states listed by 
Elliott and Lane^ in our calculations.
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S i n e e ,  by o u r  a s s u m p t i o n s  a b o u t  H, V . . i s  a s c a l a r
i n  s p i n - a n g u l a r  s p ac e  and i s o - s p i n  s p a c e ,  i t s  m a t r i x
2 7 )e l e m e n t s  mus t  be ,  by W i g n e r - E c k a r t  t h e o r e m  , 
i n d e p e n d e n t  o f  t h e  p r o j e c t i o n  qua n t u m number s  and M. 
Hence i n  a l l  s u b s e q u e n t  d i s c u s s i o n  i n  t h i s  s u b - s e c t i o n ,  
we w i l l  d r o p  and M ( o r  a l t e r n a t i v e l y ,  t h e  m a t r i x  
e l e m e n t s  may be r e g a r d e d  as r e d u c e d  m a t r i x  e l e m e n t s  i n  
J , T  s p a c e ) .
To e v a l u a t e  t h e  m a n y - p a r t i c 1e m a t r i x  e l e m e n t s  
o f  t h e  i n t e r - p a r t i c l e  i n t e r a c t i o n  o p e r a t o r  V . .  , i . e .
< ^ ( l s 4 l p m [X]  TSLJ )  I E V . . I ip ( l s 4 l p m [ X ' ] T S , L ' J ) >  ,
i < j  IJ
we make use o f  t h e  r e l a t i o n s h i p s  c o n n e c t i n g  f . p . c ' s ,
1 i k e
( I s 4 1 Pm [ X ] TS L II l s 4 l p m“ 2 [ A l l  S L, l p 2 [ X 2 ] T 2S2 l_2 )
= / A ( A - l )  d p 171 [X]  TSL || l p m_2 [ A l l  S L,  l p 2 [ A 2 ] T 2S2 L2 ) ,
( 1 . 1 2 )
u s e  t h e  c o n c e p t s  o f  f . p . c ' s  as o u t l i n e d  e a r l i e r ,  t h e  
r e c o u p l i n g  o f  a n g u l a r  moment a ( d e s c r i b e d  a t  t h e  end o f  
t h i s  s e c t i o n ) ,  and o t h e r  s t a n d a r d  t e c h n i o u e s  ( s u c h  as
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1 2 7)the formulae ' for the special 6-j and 9-j symbols,
2 6)and the expression for the f.p.c's for the removal of 
tv7o particles from a closed shell), and obtain:
<^(ls4lpm [X] TSLJ) I I V . - I ip (ls4lpm [ A' 1 T S' L' J)>
i <j U
1
= m-(-nl-Tl} [ ( 2S + 1) ( 2S'+1) (2L + 1)(2L’ + 1)] 2
2
(lpm [ A ] TS L | lpm 2[A] I S L , lp2 [ A 2 ] T2 $2 l_2)
• I I
I S  L j [X2 ] T 2 S 2
pm [A *]T S' L 1 II 1 Pm 2
( S S 2 s\ /s s 2 S'\
L L I i
l 2 l L2 l '\ J J ? J I\ *
u  J 2 J /
o I i t' [X2] T2 S2 L2
<lp [X2] T2 S2 L2 J2|Vm-l,m
lp2 [Xj] T2 S2 L2 J2> (2J2+1)
+ j [(2S+1)(2S'+1)(2L+1)(2L'+1))2 (-1)S S'
Continued
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(1 pni [ X ] T S L | lpm 1 [A]TSL,lp)(lpn [A']TS'L'II lpm 1 [ A] TSL, 1 p)
I I
[X] T S L [Xj] T1 S1 J [X1] S1 S3 J3
[(2S1+1)(2S1+1)]Z (2T1+1)(2J1+1)C2S3+1)(2J3+1)
S / 2 S
S1 S3 /2
S /2 S' 
S1 S3 1/2
S3 S s'
L 1 L 
J3 Jx J
s3 s1 S 
L 1 L* 
J 3 J1 J
<lslp[X1 ] Tj Sx 1 I Vn_ ^ n I lslptXj] Tj Sj 1 Ja>
+ £ (2 T. +1) (2 S.+l) <ls [2] T. S. 0 S, | V nj  ^ 4 4 4 4  4 m-l,m
4  ^4
Is [2] T4 S4 0 S4> « , 6 ,
( I .13)
Notations used in (1.13) for various quantum numbers 
(q. nos.) and other symbols may be summarised for the 
sake of clarity as:
configuration lsl|lpm ; q, nos. T , s , L , etc.
-i 4 -i m-1 Is lp ; T , s , L , etc.
i 4- m-2 Is lp ; I , S , L , e t c .
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2
l p  /  1 2  f  ^2 '  ^2 r  e t c *
l s l p  ; T1 '  S1 '  e tC f
i s  ; "*"4 *  ^4
1 3 n m-1 . c- L s l p  / J-  ^/
w i t h  c u r l y  b r a c k e t s  { } ;  6 - j  symbo ls  
w i t h  round p a r e n t h e s e s  ( ) ;  9 - j  symbo ls
( l p m ----- II l p m ^ -------, l p ^ ----- ) ;  2 - p a r t i c l e  f . p . c ' s
( l p m ----- II l p m ^ -------, l p ) ;  1 - p a r t i c l e  f . p . c ' s
< ------- I - -  I ---------  > ; m a t r i x  e l e m e n t s
( 1. 14 )
S i m i l a r  methods a p p l i e d  t o  t h e  k i n e t i c  e n e r g y  p a r t  
o f  t h e  H a m i l t o n i a n  H, show t h a t  t h e  k i n e t i c  e n e r g y  i s  a 
d i a g o n a l  o p e r a t o r .  The c o n t r i b u t i o n  t o  H m a t r i x  
e l e m e n t s  f r om  t h i s  p a r t  a r i s e s  f r o m  two t e r m s ,  one 
d e pe n d e n t  on m , and t h e  o t h e r  i n d e p e n d e n t  o f  m. S i n c e  
T. i s  a d i a g o n a l  o p e r a t o r ,  i t s  a c t i o n  r e s u l t s  i n  a mere 
s h i f t  o f  t h e  e n e r g y  s p e c t r u m  and does n o t  a f f e c t  t h e  
e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  o r  t h e  e i g e n f u n c t i o n s .  
S i n c e  i n  t h e  p r e s e n t  c a l c u l a t i o n s  we c o n s i d e r  o n l y  t h e  
e x c i t a t i o n  e n e r g i e s  o f  l e v e l s ,  t h e  c o n t r i b u t i o n  f r om  
t h e  k i n e t i c  e n e r g y  p a r t  o f  t h e  H a m i l t o n i a n  H may be 
n e g 1e c t e d .
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The expression (1.13) is seen to be a sum of three
2 6)parts, corresponding to contributions from the 
interactions
i) among the lp nucleons,
ii) between the Is and the lp nucleons, 
and iii) among the Is nucleons.
The last part of (1.13) is a constant diagonal term 
which, together with a corres ponding term from the kinetic 
energy part of the Hamiltonian H, gives the ground state
4energy of He. As in our calculations we measure the 
ground state energies of the lp-shel1 nuclei from the
4ground state of He, the contribution of this part may
also be omitted. The second part of (1,13), proportional
to m , may be expressed as a sum of two-parts which may
be labelled as mp' and mq' respectively. The first part
gives a contribution which is identical with the matrix
element of a one-body spin-orbit interaction,
- £ Z (s.*?.); while the other part, i.e. the ma1 part, 
i 1 1
gives a constant diagonal contribution to all eigenvalues. 
(This may be seen by expressing the inter-partic1e 
interaction operator V.. as done later in equation (1,43), 
and by rewriting the second part of (1,13) in terms of 
the K = 0 and K = 1 components, respectively. For 
details, see the article of Elliott^\) The contribution 
from the mp' part becomes:
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< ^ ( l s 4 l p n [ X ] T S L J )  | - £  E ( s . - J . ) U  (1 s 4 1 pm [ X ' ] T S'  L '  J ) >
i 1 1
1
= —t —  C u d S ' L J ;  S L ' )  [ -----------]
2 L ' +1
Z ( l p m [ A] TS L || l p m_1 [Ä]  T S L , l p )
[Ä]  f  S L
( l p m [ A ' ]  T S'  L '  || l p m_1 [Ä]  T S L , l p )  u ( L L 1 1 ; 1 L ' )
u ( S S 1 / 2  1;  1 / 2  S'  ) ( 1 , 1 5 )
w h e r e  t h e  u - c o e f f i c i e n t s  a p p e a r i n g  i n  t h i s  e q u a t i o n  
have  been d e s c r i b e d  l a t e r  i n  t h i s  s e c t i o n .  C o n s i d e r i n g  
o n l y  t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s ,  we n e g l e c t  t h e  
c o n t r i b u t i o n  f r o m  t h e  m q ' p a r t .  ( Th o u g h  we f i t  o n l y  
t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  i n  o u r  s t u d y  and do 
n o t  i n c l u d e  t h e  c o n t r i b u t i o n  f r o m  t h e  mq ' p a r t ,  y e t  t o  
c h e c k  t h e  f i t s  t o  g r o u n d  s t a t e  b i n d i n g  e n e r g i e s  o f  
A = C t o  9 n u c l e i ,  we w o u l d  o c c a s i o n a l l y  r e f e r  t o  t h i s  
p a r t  i n  o u r  l a t e r  s e c t i o n s .  I n c l u d i n g  t h e  c o n t r i b u t i o n  
f r o m  t h e  o t h e r  d i a g o n a l  p a r t  ( d e p e n d e n t  on m) a r i s i n g  
due t o  t h e  k i n e t i c  e n e r g y  o p e r a t o r ,  t h e  m q ' p a r t  i n  a l l  
s u b s e q u e n t  d i s c u s s i o n  w o u l d  be d e n o t e d  by mq . )
The t w o - p a r t i c l e  m a t r i x  e l e m e n t s
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<ip U 2] t 2 s 2 l2 j 2 V l , m  1 lp2[X2] T2 S2 4  V
appearing in the first part of ( I .13) may be 15 in number. 
If the invariance condition‘d  i.e. that V.j be symmetric 
with respect to permutation of particles taking all 
coordinates into account is imposed, then non-zero
matrix elements have [X 2] = [ A 2], and their number 
reduces to 11. Out of these, 10 are diagonal matrix
I I
elements with 1_2 S2 = L2 S2 , while one is off-diagonal 
' 10)with L2 f 1_2 , Cohen-Kurath have used both types of
I I
matrix elements (i,e. with [A 2] = [ A 2], and [A 2] f [ A 2] )
11)in their calculations, while Kirin group , Goldhammer
12) * et al and we use only the ones with = ^ 2 *^
Quantum numbers of all the possible 15 two-particle
matrix elements, along with £ , the strength of the
2 8)effective one-body spin-orbit term , are shown in
table (1,1). The 11 matrix elements with [A21 = [A21,
and £ , are treated as free parameters in the present
work. These adjustable parameters have been labelled by
P. (i=1,12) . The rest of the matrix elements, i.e. with 
1
[A21 f [X2], are not treated as free parameters in the 
present study, and have been labelled by R. (j=l,4).
The numerical values of one and two-particle f.p.c's
needed for the study of lp-shel1 nuclei have been
29 ) 30 )calculated by Jahn-Van Wieringen and by Elliott et al
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Table (1.1): Table showing the strength of the one-body 
spin-orbit term/ the quantum numbers of the possible 
two-particle matrix elements, and the labels used for them.
J2 T2 L2 S2
i f
L 2 S 2 u 2 ] [ x 2 ] N o t a t i o n
21 20 20 [2] [2] p i
11 11 [11] [11] P2
11 11 11 [11] [11] P3
01 11 11 [11] [11] P4
00 00 [2] [2] P5
30 21 21 [2] [2] P6
20 21 21 [2] [2] P7
10 21 21 [2] [2] P8
01 01 [2] [2] P9
10 10 [11] [11] O i—I 
CL
21 01 [2] [2] 1-
1
!—1 
Q_
O n e - b o d y  s p i n - o r b i t  s t r e n g t h  £ Pr 12
J2 T2 L2 S2
i i
L 2 S 2 [x2 ] [ x 2 ] Notation
21 20 11 [2] [11] pi
10 21 10 [2] [11] r 2
01 10 [2] [11] R3
01 00 11 [2] [11] P'4
A3 0
l i e us e  t h e i r  v a l u e s  i n  o u r  c o m p u t a t i o n s .
The p r o c e d u r e  f o l l o w e d  by us s t a r t s  by a s s i g n i n g
some v a l u e s  t o  P . .  Thes e  v a l u e s ,  a l o n g  w i t h  t h e  v a l u e s
o f  f . p . c ' s  and a n g u l a r  momentum c o u p l i n g  c o e f f i c i e n t s ,
a r e  used t o  c o mp u t e  t h e  m a t r i x  e l e m e n t s  <\jj | I  V . . | ifj >.
w i < j  1J ^
M a t r i c e s  f o r  each  s e t  o f  A , J and T v a l u e s  a r e  t h e n  
d i a g o n a l i s e d  t o  g e t  t h e  e i g e n v a l u e s .  For  each A , t h e  
l o w e s t  e i g e n v a l u e  i s  c h o s e n  as t h e  g r o u n d  s t a t e  and 
t a k e n  as a z e r o  on t h e  e n e r g y  s c a l e .  The d i f f e r e n c e s  i n  
t h e  e n e r g i e s  o f  o t h e r  e i g e n v a l u e s  w i t h  t h a t  o f  t h e  
l o w e s t  e i g e n v a l u e  a r e  i n t e r p r e t e d  as c a l c u l a t e d  e x c i t a t i o n  
e n e r g i e s  E o f  l e v e l s .  The v a l u e s  o f  P. a r e  v a r i e d  t i l l
X I
t h e  E f o r  each A , J and T v a l u e s  a r e  as c l o s e  as x
p o s s i b l e  t o  t h e i r  e x p e r i m e n t a l  c o u n t e r p a r t s .  The t e s t
2
o f  t h e  g o o d n e s s - o f - f i t  i s  made by c o m p u t i n g  t h e  x v a l u e ,
i . e .
X
r e ( i ) -x_______ L l( ! )
AE ( i )x
( 1 . 1 6 )
w h e r e  t h e  i n d e x  i r u n s  o v e r  a l l  t h e  l e v e l s  u n d e r  
c o n s i d e r a t i o n  and AEx i s  t h e  e r r o r  i n  t h e  e x p e r i m e n t a l  
e x c i t a t i o n  e n e r g y  E . U s i n g  t h e  f i n a l  v a l u e s  o f  P. ,
X
a l l  t h e  p o s s i b l e  e n e r g y  l e v e l s  ( e v e n  t h o s e  l e v e l s  w h i c h  
w e r e  n o t  o r i g i n a l l y  i n  t h e  e n e r g y  f i t )  and t h e
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a m p l i t u d e s  a ^ ] j 5 Lj a r e  c ° mPu t e d .  T h e s e  a r e ,  i n t u r n ,  
u s e d  t o  t e s t  t h e  r e s u l t i n g  wave  f u n c t i o n s  by c o m p u t i n g  
t h e  q u a n t i t i e s  o f  i n t e r e s t  i n  n u c l e a r  r e a c t i o n s  and 
c o m p a r i n g  t hem w i t h  e x p e r i m e n t s .
2.  E x p r e s s i o n s  f o r  O b s e r v a b l e s :
Al l  t h e  r e l e v a n t  e x p r e s s i o n s  u s e d  f o r  t h e  c a l c u l a t i o n
o f  o b s e r v a b l e  q u a n t i t i e s  ( e x c e p t  t h e  o n e  f o r  t h e
c a l c u l a t i o n  o f  t w o - n u c l e o n  t r a n s f e r  s p e c t r o s c o p i c  f a c t o r s ,
wh i c h  h a s  b e e n  d e r i v e d  by t h e  a u t h o r )  h a v e  b e e n  t a k e n  
31)f r o m B a r k e r  . We m e n t i o n  b e l o w t h e  a p p r o p r i a t e  
r e f e r e n c e s  w h e r e  s i m i l a r  e x p r e s s i o n s  a nd  t h e i r  
d e r i v a t i o n s  c a n  be  f o u n d ,  
i ) g - d e c a y :
The  f t  v a l u e  f o r  an a l l o w e d  o r  s u p e r a l l o w e d  
3 2)g - t r a n s i t i o n  i s  g i v e n  by
6200±60
f t  = -------------------------------------  s e c .  ( 1 . 1 7 )
F2 + ( 1 . 4 0 ± 0 . 0 5  ) G2
w h e r e  F a nd  G a r e  m a t r i x  e l e m e n t s  f o r  Fer mi  a nd  Gamow-
T e l l e r  t y p e  o f  t r a n s i t i o n s ,  r e s p e c t i v e l y .  For  a
t r a n s i t i o n  f r o m a s t a t e  T^ ( T My J M) t o  a s t a t e
T ^ ’ ( T'  My, J ' M ' ) ,  Fer mi  and  Ga mo w- T e l l e r  m a t r i x  e l e m e n t s  
u 33)a r e  g i v e n  by
A3 2
F2 = 2 (T 1 Mt » I T h T ) 2 T ( T + l )
[ Z 
[X]  SL [ A ] TS LJ
V  1
a [A]  TSLJ J TT JJ ( 1 . 1 8 )
9 2 (T* ' 1 Mt i Mt -■mt ,
V v *
Z a [A]  TSLJ 3 [ A
[A]  S L U M S *
( - 1 ) S S ' u ( l S *  JL ; S J ' )  I  ( l p m [ A] TSL || l p m 1 [ A ] T S L / l p )
[ X ] TSL
( 1  pm [ A 1 ] T ' S ’ L || l p m_1 [X]  TSL / l p )  u ( 1 1 / 2  TT ; 1 / 2  T * )
u ( l 1 / 2 SS ; 1 / 2  S ' )  ] 2 ( 1 . 1 9 )
w h e r e  i n  ( 1 . 1 8 )  and ( 1 . 1 9 ) /  = ± 1,  w i t h  t o p  s i g n  f o r
3 e m i s s i o n  and b o t t o m  s i g n  f o r  3 + e m i s s i o n .  The s y m b o l s  
(T 1 M-pi 1 T ) e t c .  a r e  C1 e b s c b - G o r d a n  c o e f f i c i e n t s
w h i c h  have been d e s c r i b e d  a t  t h e  end o f  t h i s  s e c t i o n .
i i ) M1 t r a n s i t i o n  r a t e s  and m a g n e t i c  d i p o l e  m o m e n t s :
The r a d i a t i v e  w i d t h  r  f o r  a Ml  t r a n s i t i o n  
can be e x p r e s s e d ^ 1^  as :
A3 3
r = ( 2 . 7 6 x 1 0  3 ) E3 A ( M l ) eV-MeV 3 ( 1 . 2 0 )
Y Y
w h e r e  t h e  d i m e n s i o n l e s s  q u a n t i t y ,  A ( M l ) ,  c a l l e d  t h e  
t r a n s i t i o n  s t r e n g t h ,  i s  i n d e p e n d e n t  o f  and d ep ends  
o n l y  on t h e  s i z e  o f  t h e  n u c l e a r  m a t r i x  e l e m e n t .  For  a
X  C
t r a n s i t i o n  f r o m  T (T MT J M) t o  ¥ , ( T 1 MT J ’ M ' )  we h a v e Jv T v T
1
A 2 ( M l )  = m y — E ( l p m [ X ] TS L || l p m _ 1 [ Ä ] TSL  , l p )
[ X ] TSL
(1 pm [ X ' 1 T ' S'  L ' | |  l p m_1 [X]  TSL , l p ) { 6 s s l / / |  [ 6 J J }
-  / 3  u ( l 1 / 2 T* T ; 1 / 2  T ) ( T  1 H 0 | T '  My ) ]  
u ( l l L '  L ; 1 L)  u ( l  L J*  S ; L* J )
+ 6 . . ,  ( - D S + S , + J  + J ’ [ 6 TT f ( y +y ) -  / 3  u ( l 1 / 2  T ' T ; 1 / 2 T )LL TT p n
(T 1 Mt  0 I T 1 Mt ) ( u - u ) ]  u ( 1 1 / 2  S ' S  ; 1 / 2  S)T T p n
u ( l S J ' L ; S ' J ) }  ( 1 . 2 1 )
wh e r e  y p and y n a r e  p r o t o n  and n e u t r o n  m a g n e t i c  moment s  
i n  n u c l e a r  ma g n e t o n s  w i t h  v a l u e s  2 . 7 9  and - 1 . 9 1  
r e s p e c t i v e l y .  In some c a s e s  t h e  e x p e r i m e n t a l  i n f o r m a t i o n
A 3 4
i s  a v a i l a b l e  i n  mean l i f e t i m e  Tm , w h i c h  i s  r e l a t e d  t o
T by t h e  r e l a t i o n
Y
r t C . G x l O - 1 6  e V - s e c .  ( 1 . 2 2 )Y m
M a g n e t i c  d i p o l e  moment s  y a r e  g i v e n ^  by t h e  same
o p e r a t o r  w h i c h  g i v e s  t h e  Ml  r a d i a t i v e  w i d t h s ,  b u t  w i t h
M = J o n l y .  They  a r e  r e l a t e d  t o  A ( M1)  by t h e  r e l a t i o n
1
j  2 1
y = [ ---------------------------- ] A 2 ( M l )  ( 1 . 2 3 )
(J + l) (2J '+1)
i i i ) Reduced w i d t h s  f o r  s i n g l e  and t w o - n u c l e o n  
t r a n s f e r  r e a c t i o n s :
The s p e c t r o s c o p i c  f a c t o r 45 c f o r  t h e  t r a n s f e r  
o f  a s i n g l e - n u c l e o n  i s  g i v e n  by
( 1 . 2 4 )
wh e r e  t h e  s p e c t r o s c o p i c  a m p l i t u d e  Ac f o r  a p a r t i c u l a r
3 5)c h a n n e l  c i s  g i v e n  by t h e  r e l a t i o n
Ac = / m (T 1 / 2  My M y - M y  I T My)  Z ( l p m [ A ] T S L I ! l p m“ 1 [ Ä ] f S L / l p )
[ X ]  S L [ X ] S L
( a U ] T S L J  a l Ä ] T S L j ) ( _ 1 ) J " S" S + X u  ^LSx 1 / 2 ; J S ) u ( S L J l ; x L )
( 1 . 2 5 )
A3  5
The q u a n t i t y  x i n  ( 1 , 2 5 )  i s  t h e  c h a n n e l  s p i n ,  E x p e r i m e n t a l  
i n f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  f o r m  o f  d i m e n s i o n l e s s
r e d u c e d  w i d t h s  0 r e d u c e d  w i d t h s  y and p a r t i a l  w i d t h s
r  . For  a s i n g l e  l e v e l  and a p a r t i c u l a r  c h a n n e l ,  t h e s e  
8 )a r e  r e l a t e d  t o  each o t h e r  by :
and
r
2
= 2 P y z ( 1 . 2 6 )
c c ' c
2
y Nc
0
44=V—
-
0
4C
DII ( 1 . 2 7 )
' c c 2M a
c  c
0
4
 
u
C
D = - §  e 2
° c  OC
( 1 . 2 8 )
w h e r e  Pc i s  t h e  p e n e t r a t i o n  f a c t o r  c a l c u l a t e d  a t  t h e
c h a n n e l  r a d i u s  a , M i s  t h e  r e d u c e d  mass i n  t h ec c
2
c h a n n e l ,  and 0 i s  t h e  s i n g l e - p a r t i c l e  d i m e n s i o n l e s s  oc
r e d u c e d  w i d t h .  For  p - w a v e  n u c l e o n  c h a n n e l s  i n  s t r i p p i n g
2
and p i c k - u p  r e a c t i o n s ,  we use  0 = 0 . 0 6 ,  w h i l e  f o roc
p - wa v e  n u c l e o n  c h a n n e l s  i n  o t h e r  r e a c t i o n s  we use 
2
0 = 0 . 4 .  The f i r s t  i s  t h e  mean v a l u e  o b t a i n e d  f o roc
3 6)l p - s h e l l  n u c l e i  by M a c f a r l a n e  and F r e n c h  , w h i l e
3 5 )t h e  s ec on d  i s  t h e  v a l u e  used  by Lane f o r  t h e  a n a l y s i s  
o f  l p - s h e l 1 n u c l e i .
The s p e c t r o s c o p i c  f a c t o r  ( T 2 , S2 , L2 / ^ ^  f ° r
A3 6
*)t r a n s f e r  o f  two n u c l e o n s  i s  g i v e n  hy
c (T c I I \  -  PllDL- 1 ).
c 2 '  b 2 '  4  '  J 2 J 2 Z ( I  T 2 Mt Mt -Mt  I T Mt )
[ X ] S L [ X ] S  L T 2 S2 L2 J 2
( l p m [X] TSLII l p m 2 [ X ] I  S L , I p 2 [2]  T 2 S2 L2 )
V 2
( a [X]TSLJ a [ X ] T  s L J I C2S + 1) ( 2L +1 )  (2J + 1)  ( 2 J 2+ 1) ]
s S 2 s
1 L 2 L
J J 2 J
( 1 . 2 9 )
S e l e c t i o n  r u l e s  f o r  t w o - n u c l e o n  t r a n s f e r  r e a c t i o n s  have 
been d i s c u s s e d  by G 1 e n n d e n n i n g ^ ^ ^ .
3. D e s c r i p t i o n  o f  N o t a t i o n s  Used f o r  t h e  A n g u l a r  
Momentum C o u p l i n g  C o e f f i c i e n t s :
I f  t h e  wave f u n c t i o n s  ^ ( j ^ m ^ )  and ( j  2m 2 ) o f  two 
p a r t i c l e s  w i t h  a n g u l a r  momenta and j 2 and z - co m po n e n t s  
m^ and m2 a r e  combined t o  f o r m  a t w o - p a r t i c l e  wave
* )  I t  a ppear s  t h a t  t h e  e x p r e s s i o n s  o f  Varma and G o l d -  
14 )hammer f o r  s i n g l e -  and t w o - n u c l e o n  t r a n s f e r  s p e c t r o s c o p i c  
f a c t o r s  c o n t a i n  e x t r a  s n u a r e s  o f  i s o - s p i n  C1e b s c h- G or d an  
c o e f f i c i e n t s .  Thus i t  l o o k s  t h a t  some c a r e  i s  needed 
w h i l e  u s i n g  t h e i r  r e s u l t s .
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f u n c t i o n  ^ ( j ^ - ^ " 111^ '  t h e n  t h e  c o e f f i c i e n t s  ( j  2ml m2 ^
1 )
a p p e a r i n g  i n  t h e  t r a n s f o r m a t i o n
= 2  ^( j 2mi   ^  ^  ^J 2 m 2  ^ ^J* 1J* 2ml m2 ' J*m  ^ ( 1 . 3 0 )
a r e  c a l l e d  C l e b s c h - G o r d a n  c o e f f i c i e n t s .  He r e  j  t a k e s  
t h e  v a l u e s  s p e c i f i e d  by t h e  t r i a n g u l a r  c o n d i t i o n
I J* !  “  j  2 I *  J *  j x + j 2 ( 1 . 3 1 )
and m = m^+r r^ .  The c o n d i t i o n  g i v e n  i n  ( 1 . 3 1 )  i s  s o me t i me s
r e f e r r e d  t o  as t r i a n g u l a r  i n e q u a l i t y ,  and i s  a b b r e v i a t e d
as A ( j ^ j * 2 j ) .  C1 e b s c h - G o r d a n  c o e f f i c i e n t s  s a t i s f y  a l a r g e
number  o f  s y m me t r y  and o r t h o g o n a l i t y  r e l a t i o n s  and have
been  u s ed  i n  l i t e r a t u r e  w i t h  v a r i o u s  a l t e r n a t i v e
2 7 )n o t a t i o n s  and phase  f a c t o r s  . One such  com mon ly  used
j  1 j  2  J
and r e l a t e d  c o e f f i c i e n t  i s  t h e  3 - j  sym bo l  ( ) o fm «1 rn ^  m
3 8)   ^ ^W i g n e r  w h i c h  i s  d e f i n e d  by t h e  r e l a t i o n  :
_1
( 2 j  +1)  2 ( J J  ^ ^ - m )
( 1 . 3 2 )
I f  we r e q u i r e  a v e c t o r  c o u p l i n g  o f  t h r e e  a n g u l a r  
momenta J.^ , and J.^ , t h e n  t h e  way i n  w h i c h  t h e s e
A3 8
t h r e e  a n g u l a r  momenta may be combined t o  f o r m  a r e s u l t a n t  
a n g u l a r  momentum J_ i s  n o t  u n i q u e .  For  e xampl e ,  t h e y  
may be c o u p l e d  i n  o r d e r
- 1  + - 2  —12 '  —12 + —3 -
o r  i n  o r d e r
- 2  + - 3  - 2 3  '  - 1  + - 2 3  “  -
Then t h e  t r a n s f o r m a t i o n
38)
^ ( J 2  ^ J 1 2 *  J ^ f  J m  ^ ^ ^ ( J 2  , ^  2"^  3  ^ -^2 3 f  ^  ^
J 23
< ( J 2  ^ J i 2  / J 3 *  J I J 2  /   ^ J 2 J 3  ^ J 2 3  f  ^ ^
( 1 . 3 3 )
d e f i n e s  t h e  u - c o e f f i c i e n t , where
u ( j i j  2 J J ^  /  J 22 J 23  ^  ^ ( J i  J 2  ^ J i2 f J ^  / J
j  2 *   ^j  2J 3  ^ j  2 3 f  J  ^ ( 1 . 3 4 )
The u - c o e f f i c i e n t s  a r e  r e l a t e d  t o  t h e  Racah c o e f f i c i e n t s
J 1 J 2 J 12
W ( j  i j  2 J* J* 3 ; j  22 J 2 3  ^ and he 5“ J* s Vmbols  { )
J 3 J J 2 3
by t h e  r e l  a t  i o n s ^  ^
A39
W( j 1j 2 J J*3 ; j’ 22 j 23^ = t ^ 2J22 + 1  ^ ( 2 j' 25 + 1 ) ]  2
u ( i 1J* 2 J* J* 3 ; J* 12 J" 23  ^ ( 1 . 3 5 )
1
j 1o j  T+j 9 + j 3 + j y  - 1
1Z} = [ ( - 1 ) 1 z 3 { ( 2j 12+ l ) ( 2j 23+ l ) } Z ]
J 23
u ( j  ^ J 2 j  j  3 / j  ^ 2 J 2 3  ^ ( 1 . 3 6 )
u - c o e f f i c i e n t s , l i k e  t h e  C l e b s c h - G o r d a n  c o e f f i c i e n t s ,
s a t i s f y  a number  o f  s y m me t r y  and o r t h o g o n a l i t y  r e l a t i o n s
3 8 )w h i c h  a r e  a d e q u a t e l y  d e s c r i b e d  i n  l i t e r a t u r e  . The 
u - c o e f f i c i e n t s  v a n i s h  u n l e s s  each  o f  t h e  f o u r  t r i a n g u l a r  
i n e q u a l i t i e s  A C j ^  j 2 j 1 2 ) /  A ( J* J 3 J j  2 ^ '  A ( j j  J* J* 2 3  ^ and 
A( j*2 j’ 3 j 2 3 ) a re  s a t ' s ^ i ec*.
L i k e  t h e  u - c o e f f i c i e n t s , 9 - j  s y m b o l s  a p p e a r  i n  t h e  
r e c o u p l i n g  o f  f o u r  a n g u l a r  moment a and a r e  d e f i n e d  by 
t h e  r e l  a t  i o n ^  ^
^ (  (J 2^ J* 12 f  ^J 3 J 4  ^ ^34 *  ^
J 13J 24
^ ( ( ^ 2^ 3  ^ J* 13 / ( J* 2 j  4  ^ J* 24 /
< ( j 1j* 2 ) j 12 ' (J* 3J* 4 ^J* 3 4 ; J* * ( j 1j* 3 )j*13 ' (J* 2J* 4 } J* 24 ; J* >
( 1 . 3 7 )
A4 0
where
1J2 ;J12 ' ^J 3J 4 ; J 34 1J 3 J13
[(2j12 + 1) (2j34 + l)(2j13 + 1)(2j24 + l) 1
2J4 ) J 24 ; j
1 J2 Ji^\
3 j4 J34
13 j 24 J /
( 1 .38)
The 9-j symbol
!-1
—i J 2 J 12
j3 J4 J 34
\J 13 J 24 j
vanishes unless the three
arguments in each row and each column satisfy triangular
inequalities. 9-j symbols are generally used for the
transformation of two-particle states from LS to jj
coupling schemes, and vice versa. Like the other angular
momentum coupling coefficients, 9-j symbols satisfy
various symmetry and orthogonality properties and have
been used in literature with various alternative
3 8)notations and phase factors
Tables of 3n-j symbols are ava i 1 ab 1 e ^ ' ^  \  Thus 
the use of angular momentum coupling coefficients presents 
no difficulties. Exactly the same notations have been 
used for angular momentum coupling coefficients in 
part II of this thesis.
S e c t i o n  IC: Data  S e l e c t i o n
A41
E x p e r i m e n t a l  d a t a  used f o r  t h e  p r e s e n t  s t u d y  i n c l u d e  
t h e  e n e r g i e s  o f  l e v e l s  o f  normal  p a r i t y ,  l o g  f t  v a l u e s  
o f  13-decays,  Ml  t r a n s i t i o n  r a t e s  and reduced  w i d t h s  f o r  
s i n g l e - n u c l e o n  t r a n s f e r  r e a c t i o n s .  U n l e s s  o t h e r w i s e  
s p e c i f i e d ,  a l l  t h e s e  d a t a  have been t a k e n  f r om  t h e  
c o m p i l a t i o n s  o f  A j z e n b e r g - S e l o v e  and L a u r i t s e n  ( r e f .  40 
f o r  A = 6 t o  10, r e f .  41 f o r  A = 11 t o  12, and r e f .  42 
f o r  A = 13 t o  1 4 ) .  B i n d i n g  e n e r g i e s  o f  t h e  g r ound  s t a t e s
4
o f  n u c l e i  w i t h  r e s p e c t  t o  t h e  g r ound  s t a t e  o f  He have 
been t a k e n  f r o m  t h e  paper  o f  Cohen and K u r a t h ^ \
Wherever  new e x p e r i m e n t a l  d a t a  and new l e v e l  a s s i g n m e n t s  
based on p r e v i o u s  t h e o r e t i c a l  s t u d i e s  have been used,  t h i s  
f a c t  i s  c l e a r l y  s p e c i f i e d  and t h e  r e l e v a n t  r e f e r e n c e s  a r e  
q u o t e d .
T h r o u g h o u t  p a r t  I o f  t h i s  t h e s i s ,  l e v e l s  a r e  d e no t ed  
e i t h e r  by t h e i r  JT v a l u e s  o r  somet imes by t h e i r  e x c i t a t i o n  
e n e r g i e s ,  E . S t a t e s  w i t h  t h e  same JT v a l u e s  a r e
X
l a b e l l e d  by JT,  J T * ,  J T * * ,  -----  i n  o r d e r  o f  i n c r e a s i n g
e x c i t a t i o n  e n e r g y .  S i n c e  o n l y  normal  p a r i t y  s t a t e s  
( s t a t e s  o f  +ve p a r i t y  i n  even A n u c l e i ,  w h i l e  s t a t e s  o f  
- v e  p a r i t y  i n  odd A n u c l e i )  a re  c o n s i d e r e d ,  p a r i t y  i s  n o t  
shown e x p l i c i t l y  a l o n g  w i t h  JT v a l u e s .
In t a b l e  ( 1 . 2 )  we show t h e  e n e r g y  l e v e l s  w h i c h  have
A4 2
8_12 15)
been used by us and by o t h e r  a u t h o r s  '  a t  t h e  i n p u t
o f  c o m p u t a t i o n s .  T h i s  i s  i m p o r t a n t  because t h e  f i n a l
v a l u e s  o f  t h e  i n t e r a c t i o n  p a r a m e t e r s  depend on t h e  l e v e l s ,
w h i c h  a r e  used t o  o b t a i n  t h e i r  v a l u e s .  For  e xa mp l e ,  some
9 )o f  t he  l e v e l s  used by A m i t  and Ka tz  now ap pe ar  t o  be o f  
n o n - n o r m a l  p a r i t y ,  w h i l e  some o t h e r s  have been i n d i c a t e d  
( f o r  r e f e r e n c e s ,  see t a b l e  1 . 2 )  t o  c o n t a i n  a d m i x t u r e s  o f  
h i g h e r  c o n f i g u r a t i o n s .  P r o b a b l y  as a r e s u l t  o f  t h i s ,  
some o f  t h e  f i n a l  p a r a m e t e r  v a l u e s  i n  t h e  s t u d i e s  o f  
A m i t - K a t z  and o f  C o h e n - K u r a t h  a re  q u i t e  d i f f e r e n t .
Some o f  t h e  l e v e l s  shown i n  t a b l e  ( 1 . 2 )  as h a v i n g
15 )been i n c l u d e d  by H a l b e r t ’ e t  a l  f o r  o b t a i n i n g  a f i t  
t o  t h e  e n e r g y  l e v e l  s p e c t r a  o f  l p - s h e l 1 n u c l e i  may n o t  be 
c o r r e c t .  I t  i s  n o t  o b v i o u s  f r o m  t h e i r  paper  as t o  w h i c h  
l e v e l s  were  used by them i n  such a f i t .  F u r t h e r ,  i t  may 
a l s o  be m e n t i o n e d  a t  t h i s  p l a c e  t h a t  some o f  t h e  l e v e l s  
shown i n  t a b l e  ( 1 . 2 )  wer e  used by v a r i o u s  a u t h o r s  a t  
s l i g h t l y  d i f f e r e n t  e x c i t a t i o n  e n e r g i e s .  In g e n e r a l ,  we 
have n o t  p o i n t e d  o u t  such cases i n  comments t o  t a b l e  
( 1 . 2 ) ,  and have used t h e  e x c i t a t i o n  e n e r g i e s  as g i v e n  i n  
t h e  c o m p i l a t i o n s  o f  A j  z e n b e r g - S e l  ove  and L a u r i t s e n 14^  ^  .
E x p e r i m e n t a l  i n f o r m a t i o n  on h i g h  i s o - s p i n  s t a t e s  
(T \  1 1 1 ') i n  l i g h t  n u c l e i  has s t a r t e d  becomi ng  a v a i l a b l e 1* ^
A4 3
o n l y  r e c e n t l y .  Thus  we h a v e  u s e d  mor e  s t a t e s  o f  h i g h
i s o - s p i n  ( s e e  t a b l e  1 . 2 )  i n o u r  a n a l y s i s  t h a n  u s e d  by
8  _  1 2  )
p r e v i o u s  a u t h o r s  . F u r t h e r ,  f o r  a p a r t i c u l a r  A v a l u e ,
we h a v e  u s e d  t h e  a v a i l a b l e  e x p e r i m e n t a l  i n f o r m a t i o n  f r o m 
a l l  i s o b a r s .
To i n c r e a s e  t h e  a moun t  o f  u s a b l e  i n f o r m a t i o n  n e e d e d
f o r  t h e  p r e s e n t  s t u d y ,  we h a v e  a l s o  a t t e m p t e d  t o  a n a l y s e
t h e  d a t a  o f  t h e  ^ Li ( p , a ) * * He  r e a c t i o n  ( g i v e n  in p a r t  II o f
t h i s  t h e s i s ) .  T h i s  a n a l y s i s  c a n  g i v e  us  i n f o r m a t i o n
8
a b o u t  s t a t e s  o f  Be l y i n g  a t  a b o u t  20 MeV e x c i t a t i o n  
e n e r g y .  But  s i n c e  t h i s  a n a l y s i s  p r o v e d  t o  be  q u i t e  
l e n g t h y ,  due  t o  l i m i t a t i o n s  o f  t i me ,  t h e  d e r i v e d  
i n f o r m a t i o n  c o u l d  n o t  be u s e d  a t  t h e  i n p u t  i n  t h e s e  s h e l l
model  c a l c u l a t i o n s .
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Comments :
a )  S p i n  a s s i g n m e n t  o f  t h i s  l e v e l  i s  f r o m  t h e  c o r r e s ­
p o n d i n g  1 . 8 0  MeV l e v e l  o f  ^He.
b)  T h i s  l e v e l  has been o b s e r v e d  i n  e l a s t i c  s c a t t e r i n g
4
o f  d e u t e r o n s  f r o m  He. Q u o t i n g  two d i f f e r e n t
8 )r e f e r e n c e s ,  B a r k e r  has p o i n t e d  o u t  t h a t  t h e  e n e r g y
o f  t h i s  l e v e l  i s  n o t  w e l l  d e t e r m i n e d  as i t  seems t o
depend on t h e  c h o i c e  o f  t h e  c h a n n e l  r a d i u s .  F u r t h e r ,
t h e  e n e r g y  o f  t h i s  l e v e l  was u n c e r t a i n  as i m a g i n a r y
p a r t s  o f  t h e  phase  s h i f t s  w e r e  n o t  i n c l u d e d  i n  t h e  
44 4 5 )a n a l y s e s  '  o f  d - a  s c a t t e r i n g  d a t a ,  and as t h e s e  
a n a l y s e s  p r e d i c t e d  t h i s  l e v e l  a t  E = 6 , 2 4  and
X
7 . 0 3  MeV r e s p e c t i v e l y .  A f t e r  t h e  c o m p l e t i o n  o f  t h i s
4 fi 1
w o r k ,  t h e  a n a l y s i s  o f  M c I n t y r e  and H a e b e r l i  , 
i n c l u d i n g  p o l a r i z a t i o n  d a t a  and i m a g i n a r y  p a r t s  o f  
t h e  phase  s h i f t s ,  has come t o  o u r  n o t i c e .  T h i s  
s t u d y  p r e d i c t s  t h i s  l e v e l  a t  E = 5 , 7  MeV.
X
c )  Cohen and K u r a t h ' * ' ^  seem t o  have  used  t h e  5 / 2  1 / 2  
l e v e l  a t  E = 7 , 4 8  MeV, w h e r e a s  t h e  5 / 2  1 / 2 *  l e v e l
X
l i e s  a t  t h i s  e n e r g y .
d)  Fo r  t h e  a s s i g n m e n t  o f  t h i s  l e v e l ,  see t h e  p a p e r  o f  
S p i g e r  and T o m b r e l l o ^ \
e)  T h i s  l e v e l  i s  s u p p o s e d  t o  c o r r e s p o n d  t o  t h e  9 . 9  MeV
, . 4 7 )  , 7nl e v e l  o f  Be.
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f )  I s o b a r i c  s p i n  i s  n o t  a good qua n t u m number  f o r  t h e s e  
l e v e l s  . B a r k e r 0 has a d j u s t e d  t h e  e n e r g i e s  o f  
t h e s e  l e v e l s  f o r  i s o - s p i n  m i x i n g .  B a r k e r  and t h e
a u t h o r have  used t h e s e 1 eve 1s w i t h  JT = 21, 2 0 * ,  11
10,  31 and 30,  a t E =
y
1 6 . 7 9 , 1 6 , 7 7 ,  1 7 , 6 7 , 1 8 . 1 2 ,
1 9 , 0 7  and 1 9 , 2 0  MeV r e s p e c t i v e l y .
g)  The a s s i g n m e n t  o f  t h i s  l e v e l  was u n c e r t a i n  i n  v i e w
o f  t h e  d i s c u s s i o n  g i v e n  i n  s e c t i o n  I ID o f  t h i s  t h e s i s .
h)  T h i s  l e v e l  i s  s u p p o s e d  t o  c o r r e s p o n d  t o  t h e  6 . 5 3  MeV
g
l e v e l  o f  L i ,  The a s s i g n m e n t  o f  t h i s  l e v e l  i s  based  
8 )on B a r k e r ' s  a r g u m e n t s ,
8 )
i )  B a r k e r  has i n c l u d e d  t h i s  l e v e l  a t  E = 2 . 4  M.eV i n
X
h i s  s t u d y .  S h e l l  mode l  c a l c u l a t i o n s  have  a l w a y s
p r e d i c t e d  a 1 / 2  1 / 2  l e v e l  i n  ^Be a r o u n d  t h i s
e x c i t a t i o n  e n e r g y .  Bu t  s i n c e  t h i s  l e v e l  had n o t
been seen i n  any  e x p e r i m e n t ,  i t  was n o t  i n c l u d e d  i n
t h e  p r e s e n t  f i t s .  R e c e n t l y ,  f r o m  a s t u d y  o f  t h e  
9 49 )ß - d e c a y  o f  L i ,  M a c e f i e l d  e t  a l  have  s een  a l e v e l  
a t  E = ( 3 . 0  ± 0 , 1 )  MeV i n  ^Be.  M a c e f i e l d  e t  a l
X
have  a r g u e d  t h a t  t h e  p r o p e r t i e s  o f  t h i s  l e v e l  seem
c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n s  o f  s h e l l  model
c a l c u l a t i o n s  i f  t h i s  l e v e l  i s  a s s i g n e d  a s p i n  and
p a r i t y  o f  1 / 2  . From a n o t h e r  s t u d y  o f  t h i s
50 )e x p e r i m e n t ,  T o m b r e l l o  and o t h e r s  have  l o c a t e d  a 
s t a t e  a t  E = ( 2 , 7 8  ± 0 , 1 3 )  MeV i n  t h e  ^Be n u c l e u s ,
X
w h i c h  t h e y  t h i n k  i s  t h e  1 / 2  s t a t e .
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j )  B a r k e r  has g i v e n  some e v i d e n c e  f o r  t h e  a s s i g n m e n t  
o f  t h i s  l e v e l  as 1 / 2  . But  s i n c e  t h e  a s s i g n me n t  o f  
t h i s  l e v e l  i s  s t i l l  no t  d e f i n i t e ,  t h i s  l e v e l  has no t  
been i n c l u d e d  i n  t h e  p r e s e n t  f i t s .
k)  A T = 3 / 2  l e v e l ^ ^  l y i n g  a t  E = 16 , 97  MeV i n  ^Be
X
has been c o n f i r m e d  t o  be o f  - v e  p a r i t y  by C l e r c  
e t  a l ^ \  The e x p e r i m e n t a l  v a l u e ^ " ^  f o r  t h e  Ml  
r a d i a t i v e  w i d t h  f r o m t he  16 , 97  MeV l e v e l  t o  t h e
9
gr ound  s t a t e  o f  Be ag r ees  w e l l  w i t h  t h e  p r e d i c t i o n s
8 )o f  B a r k e r  i f  t h i s  l e v e l  i s  g i v e n  an a s s i g n m e n t  o f
1 / 2  3 / 2 .
8 )l )  B a r k e r  has g i v e n  e v i d e n c e  i n  h i s  paper  t h a t  a
g
5 / 2  3 / 2  l e v e l  may be p r e s e n t  i n  Be a r ound  17 MeV
e x c i t a t i o n  e n e r g y .  S i n c e  t h e  r e c e n t  t e n t a t i v e
52 )
e x p e r i m e n t a l  d a t a  o f  Young and S t o ke s  on t h e  
7 9L i ( t , p ) Li  r e a c t i o n  c r e a t e d  some d o ub t  a b o u t  t h e  
p r e s e n c e  o f  a 5 / 2  3 / 2  l e v e l  a t  E = 1 7  MeV i n  ^Be,
X
t h i s  l e v e l  was n o t  i n c l u d e d  i n  t h e  f i n a l  f i t s .
m) The 4 . 7 7  MeV l e v e l  o f  ^ B  had a p r o b a b l e  a s s i g n me n t * 4^
o f  20.  Ami t  and K a t z ^  i n c l u d e d  t h i s  l e v e l  i n
t h e i r  f i t s  w i t h  an a s s i g n me n t  o f  20.  Cohen and 
1 0 )K u r a t h  a l s o  f i r s t  used t h i s  l e v e l  w i t h  an 
a s s i g n m e n t  o f  20,  b u t  such a l e v e l  was d i f f i c u l t  
t o  f i t .  S i n c e  a 30 l e v e l  was p r e d i c t e d  a r o un d  t h i s  
e x c i t a t i o n  e n e r g y  and t h e r e  was some t e n t a t i v e
8 )
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i n f o r m a t i o n  t h a t  i t s  c o r r e c t  a s s i g n m e n t  may be  30/
Cohen and K u r a t h  u s e d  i t  w i t h  an a s s i g n m e n t  o f  30
53)i n  t h e i r  f i n a l  f i t s .  The e x t r a c t e d  v a l u e  o f  
t h e  s p e c t r o s c o p i c  f a c t o r  f o r  t h i s  s t a t e  b a s e d  on a 
30 a s s i g n m e n t  f r o m DWBA a n a l y s i s  o f  t h e  p i c k - u p  
r e a c t i o n  ( d ,  t ) ^ B ,  a g r e e s  w e l l  w i t h  t h e  p r e d i c t e d  
v a l u e  o f  Cohen and K u r a t h .  Se e  a l s o  t h e  l e v e l  
s c he me  o f  ^ B  g i v e n  by P u r v i s  e t  a 1  ^^ \
n) A s s i g n m e n t  o f  2+ f o r  t h i s  l e v e l  i s  f r om t h e
10a n a l o g o u s  l e v e l  o f  Be ( s e e  n o t e  a d d e d  i n  p r o o f  
i n  r e f . 4 0 ) .
10 )o)  Cohen and K u r a t h  r e m a r k  t h a t  t h i s  l e v e l  i s  l i k e l y  
t o  c o n t a i n  a l a r g e  a moun t  o f  ( l d , 2 s )  a d m i x t u r e .
5 5)p) I n t e r m e d i a t e  c o u p l i n g  c a l c u l a t i o n s  o f  B o y a r k i n a
ic i n
p r e d i c t  a 21 l e v e l  i n B a t  E = 1 0 . 1  MeV. On
X
t h e  o t h e r  h a n d ,  t h e  e a r l i e r  i n t e r m e d i a t e  c o u p l i n g
c a l c u l a t i o n s  o f  K u r a t h  had no 21 l e v e l  b e l o w
a b o u t  11 MeV e x c i t a t i o n  e n e r g y  i n ^ B .  We know o f
no o t h e r  p r e v i o u s  d i s c u s s i o n  on t h e  d o m i n a n t
c o n f i g u r a t i o n  o f  t h i s  l e v e l .  S i n c e  t h e  c a l c u l a t i o n s  
6 )o f  K u r a t h  make t h e  c h a r a c t e r  o f  t h i s  l e v e l  
d o u b t f u l ,  i t  ha s  n o t  b e e n  i n c l u d e d  i n t h e  p r e s e n t  f i t s .
q) T h e s e  l e v e l s  a r e  now s u s p e c t e d 1* ^  t o  be  o f  non-
no r m a 1 p a r i t y .
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r )  T h i s  l e v e l  p r o b a b l y  does n o t  b e l o n g  t o  t h e  l o w e s t
15)c o n f i g u r a t i o n .  H a l b e r t  e t  a l  f i n d  no t h e o r e t i c a l
c o u n t e r  p a r t  f o r  t h i s  l e v e l .  The c a l c u l a t i o n s  o f
1 0 ) 12 )C o h e n - K u r a t h  and o f  Goldhammer e t  a l  p r e d i c t
t h e  f i r s t  e x c i t e d  0 + l e v e l  o f  a t  E = 1 2 .5
X
and 1 5 . 6  MeV r e s p e c t i v e l y .  Both  t h e s e  e x c i t a t i o n
e n e r g i e s  a r e  q u i t e  h i g h  compared t o  t h e  e x p e r i m e n t a l
v a l u e .  Cohen and K u r a t h  b e l i e v e  t h a t  t h i s  s t a t e
c o n t a i n s  a l a r g e  component  o f  a d m i x t u r e  f r o m  o u t s i d e
56 )t h e  l p - s h e l 1. R e c e n t l y  A b g r a l l  e t  a l  have 
i n d i c a t e d  t h a t  t h i s  l e v e l  i s  p r o b a b l y  a ( 4 p - 4 h )  s t a t e .
s )  One 21 l e v e l  now a p p e a r s 11^  a t  E = 18 .84  MeV i n  ^ C .
X
5 7)Leve l  a t  18 .3 6  MeV i s  a - v e  p a r i t y  l e v e l
t )  A s s i g n m e n t  o f  t h i s  l e v e l  i s  based on t h e  w or k  o f
5 8)B a r k e r  and o t h e r s
59 )u)  I t  has been a r gue d  by F l e m i n g  e t  a l  t h a t  t h i s  
s t a t e  c o n t a i n s  an a p p r e c i a b l e  a d m i x t u r e  f r o m  t h e  
( I d / 2 s  ) s h e l l .
v )  For a s s i g n m e n t  o f  t h i s  l e v e l ,  see t h e  paper  o f  
F l e m i n g  e t  a 1^  ^ .
w) For T = 3 /2  l e v e l s  i n  A = 13 n u c l e i ,  see t h e  paper  
o f  Kuan and Hanna^Ü\
y) T h i s  l e v e l  i s  n o t  p r e d o m i n a n t l y  o f  ( l s ) t | ( l p ) ^  **
61)  62)c h a r a c t e r  as shown by T r u e  and Rose e t  a l
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6 3)z )  I t  has been i n d i c a t e d  by Ta l mi  and Unna t h a t  t h i s
l e v e l  p r o b a b l y  b e l o n g s  t o  t h e  l o w e s t  c o n f i g u r a t i o n .
6 1 )The s t u d y  o f  T r u e  , however ,  s u g g e s t s  t h a t  t h i s  
l e v e l  a r i s e s  m a i n l y  f r om  t h e  ( l d , 2 s )  s h e l l  
c o n f i g u r a t i o n .  S i n c e  t h e  d o m i n a n t  c o n f i g u r a t i o n  
o f  t h i s  l e v e l  i s  d o u b t f u l ,  i t  has n o t  been i n c l u d e d  
i n  t h e  p r e s e n t  f i t s .
S e c t i o n  ID:  Compu t e r  Pr og r ams
A55
E x t e n s i v e  c o m p u t e r  p r o g r a ms  f o r  s h e l l  model
c a l c u l a t i o n s  have  been w r i t t e n  by v a r i o u s  g r o u p s  o f
w o r k e r s  i n  d i f f e r e n t  i n s t i t u t i o n s .  One s uch  c o m p u t e r
p r o g r a m ,  w h i c h  i s  i n  us e  a t  t h e  A r g ö n n e  N a t i o n a l
6 4 )L a b o r a t o r y ,  has been d e s c r i b e d  by Cohen e t  a l  . l i e 
d e s c r i b e  h e r e ,  i n  b r i e f ,  t h e  w o r k i n g  o f  o u r  p r o g r a ms  
w h i c h  hav e  been  w r i t t e n  by us i n  FORTRAN IV l a n g u a g e  
f o r  t h e  IBM 3 6 0 / 5 0  c o m p u t e r  o f  t h e  A u s t r a l i a n  N a t i o n a l  
U n i v e r s i t y  ( ANU) .  T h i s  b r i e f  d i s c u s s i o n  may be o f  
some h e l p  f o r  f u t u r e  p r o g r a m m i n g  o f  s uch  c a l c u l a t i o n s .
I n e x t e n s i v e  s h e l l  model  c a l c u l a t i o n s ,  one 
g e n e r a l l y  needs  t o  w o r k  w i t h  a l a r g e  number  o f  b a s i s  
s t a t e s  and s t o r e  huge  amoun t s  o f  i n t e r m e d i a t e  d a t a .  
T h i s  c r e a t e s  s t o r a g e  p r o b l e m s ,  r e q u i r i n g  one t o  use  
q u i t e  an i n t r i c a t e  c o d i n g .  To m i n i m i s e  some o f  t h e s e  
d i f f i c u l t i e s  we have  s e p a r a t e d  t h e  c a l c u l a t i o n  i n t o  
t h r e e  l o g i c a l l y  d i s t i n c t  p a r t s  and have  d e v e l o p e d  a 
l i n k e d  s y s t e m  o f  s i x  i n d e p e n d e n t  c o m p u t e r  p r o g r a m s .  
Each o f  t h e s e  p r o g r a ms  s e r v e s  a d e f i n i t e  f u n c t i o n ,  
and b e i n g  i n d e p e n d e n t ,  has t h e  w h o l e  f a s t  memory o f  
t h e  c o m p u t e r  a v a i l a b l e  t o  i t .  These  p r o g r a ms  make 
e x t e n s i v e  us e  o f  s u b r o u t i n e s ,  some o f  w h i c h  have been 
w r i t t e n  by u s ,  w h i l e  t h e  o t h e r s  (CLEB,  RAC7 and NI NEJ )
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a r e  t h o s e  o f  T a m u r a ^ ^ ,  and (EIGEN and FITTEM) o f  t h e  
ANU1s c o m p u t e r  c e n t r e .
I t  may be m e n t i o n e d  a t  t h i s  p l a c e  t h a t  even a f t e r
t h e  l o g i c a l  b r e a k i n g  up o f  t h e  w h o l e  c a l c u l a t i o n  i n t o
t h r e e  d i f f e r e n t  p a r t s ,  a l l  t h e  i n t e r m e d i a t e  d a t a  ( f o r
e xampl e ,  c o e f f i c i e n t s  o f  P. and R.) needed f o r  t h e
I J
c a l c u l a t i o n s  o f  a l l  n u c l e i  o f  t h e  l p - s h e l l  c a n n o t  be 
s t o r e d  i n  t h e  f a s t  memory o f  t h e  c o m p u t e r .  T h i s  f a c t ,  
i n  a way,  p u t s  an upper  l i m i t  on t h e  number o f  l p - s h e l l  
n u c l e i  w h i c h  can be s t u d i e d  s i m u l t a n e o u s l y .  W i t h  t h e  
p rograms i n  t h e  p r e s e n t  f o r m ,  we can do s i m u l t a n e o u s  
c a l c u l a t i o n s  e i t h e r  on A = 6 t o  9 o r  on A = 11 t o  14 
n u c l e i ,  b u t  n o t  on A = 6 t o  14 n u c l e i  a t  one t i m e .
I t  may be w o r t h  m e n t i o n i n g  a t  t h i s  p l a c e  t h a t  even t h e  
s i m u l t a n e o u s  c a l c u l a t i o n s  on A = 6 t o  9 o r  on A = 11 t o  
14 n u c l e i  o n l y  became p o s s i b l e  on t h e  AMU's c o m pu te r  by 
u s i n g  many o t h e r  space s a v i n g  d e v i c e s .  For  e x am pl e ,  t h e  
c o e f f i c i e n t s  o f  P. and Rj a r i s i n g  f r om  t h e  m a t r i x  
e l e m e n t s  be tween b a s i s  s t a t e s  o f  h i g h  i s o s p i n  (T > 2 ) ,
* )  The m a t r i x  e l e m e n t s  Rj a r e  n o t  f r e e  p a r a m e t e r s  i n  
o u r  c a l c u l a t i o n s .  The c a l c u l a t i o n  o f  t h e  c o e f f i c i e n t s  o f  
t h e s e  m a t r i x  e l e m e n t s  a l l o w e d  us t o  check  a l l  o f  o u r  
co mp ut e r  p r ogr ams  w i t h  t h e  c a l c u l a t i o n s  o f  C o h e n - K u r a t h ^ ^ , 
and t o  c a l c u l a t e  some o f  t h e i r  r e s u l t s  w h i c h  have n o t  
been q u o t e d  by them i n  t h e i r  p a p e r .
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and h i g h  s p i n  (J 9 / 2 ) ,  w e r e  n o t  s t o r e d .  ( The p r o p e r t i e s  
o f  l e v e l s  o f  h i g h  T o r  o f  h i g h  J have been c o mpu t ed  by 
hand c a l c u l a t i o n . )  F u r t h e r ,  t o  s av e  s t o r a g e  s p a c e ,  
o n l y  t h r e e  l a b e l s  w e r e  used t o  s p e c i f y  [ X ] ,  S,  L and T 
v a l u e s  o f  t h e  b a s i s  s t a t e s ,  f o r  each c o m b i n a t i o n  o f  J 
and A v a l u e s .  Then t o  k eep  s e p a r a t e  t h e  d u p l i c a t e  s t a t e s  
w i t h  L = 2 i n  [ 42 ]  s y m m e t r y ,  and TS = 11 i n  [ 3 2 1 ]  s y mme t r y  
( w h i c h  o c c u r  i n  A = 10 n u c l e i ) ,  we had t o  use a 
r e l a b e l l i n g  s y s t e m  w h i c h  had t o  be i n t r o d u c e d  i n  a l m o s t  
a 11 p r o g r a m s .
V a l u e s  o f  f r a c t i o n a l  p a r e n t a g e  c o e f f i c i e n t s  ( f . p . c ' s )
29 )
t a k e n  f r o m  t h e  e x t e n s i v e  t a b l e s  o f  J a h n - v a n  W i e r i n g e n  
and o f  E l l i o t t  e t  a l ^ ^ ,  and t h e  [ A ] ,  S,  L and T v a l u e s  
o f  t h e  b a s i s  s t a t e s  t a k e n  f r o m  t h e  r e v i e w  a r t i c l e  o f  
E l l i o t t  and L a n e ^ ,  have  been r e a d  i n t o  t h e s e  c o m p u t e r  
p r o g r a ms  f r o m  d a t a  c a r d s .
The f i r s t  p r o g r a m ,  d i s p l a y e d  by a b l o c k  d i a g r a m  
i n  f i g u r e  ( 1 . 1 ) ,  s e r v e s  t h e  p u r p o s e  o f  c a l c u l a t i n g  
t h e  c o e f f i c i e n t s  o f  P. and R. ,  and s t o r i n g  t hem on t h e  
s t o r a g e  m a g n e t i c  d i s c  o f  t h e  AMU’ s c o m p u t e r  c e n t r e .
These  c o e f f i c i e n t s  a r i s e  d u r i n g  t h e  r e d u c t i o n  o f  t h e  
m a n y - p a r t i c 1e m a t r i x  e l e m e n t s  i n t o  t w o - p a r t i c l e  m a t r i x  
e l e m e n t s  as d e s c r i b e d  i n  s e c t i o n  I B.  For  t h e  e x e c u t i o n
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F i g u r e  ( 1 . 1 ) : B l o c k  d i a g r a m  o f  t h e  c o m p u t e r  p r o g r a m
f o r  c a l c u l a t i n g  t h e  c o e f f i c i e n t s  o f  t h e  
t w o - p a r t i c l e  m a t r i x  e l e m e n t s  and o f  t h e  
o n e - b o d y  s p i n - o r b i t  t e r m .
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o f  t h i s  p r o g r a m ,  two s u b r o u t i n e s  c a l l e d  MATRIX and ONEBDY 
have been d e v e l o p e d .  The f o r m e r  c a l c u l a t e s  t he  c o e f f i c i e n t s  
o f  P. ( i  = 1 , 1 1 )  and R j , w h i l e  t h e  l a t t e r  c a l c u l a t e s  
t h e  c o e f f i c i e n t  o f  P^2 * These s u b r o u t i n e s  g e t  t h e  needed 
v a l u e s  o f  t h e  c o e f f i c i e n t s  o f  f r a c t i o n a l  p a r e n t a g e ,  and 
t h e  [ X ] ,  S, L e t c .  v a l u e s  o f  t h e  i n v o l v e d  b a s i s  s t a t e s  
f r o m  a p r o g r a m c a l l e d  MAIN, and f o r  t h e  needed v a l u e s  o f  
t h e  9 - j  s ym bo ls  and t h e  Racah c o e f f i c i e n t s  t h e y  c a l l  two 
more s u b r o u t i n e s  c a l l e d  NINEJ and RAC7 r e s p e c t i v e l y .
The s u b r o u t i n e s  MATRIX and ONEBDY r e s em b l e  each o t h e r  
i n  t h e i r  l o g i c a l  s t r u c t u r e .  Thus we d e s c r i b e  o n l y  t h e  
f o r m e r  a t  t h i s  p l a c e .  For each s e t  o f  A, J ,  T, [ X ] ,  S,
L, [ X 1 ] /  S'  and L' v a l u e s  s u p p l i e d  by t h e  p rogr am MAIN, 
t h e  s u b r o u t i n e  MATRIX c a l c u l a t e s  [ X^ ] /  L^/  e t c .
v a l u e s  f o r  a l l  t h e  p o s s i b l e  P. ( i = 1 , 1 1 )  and t h e  Rj m a t r i x  
e l e m e n t s  one by o ne .  For each one o f  t h e s e  P. and R. , 
i t  c a l c u l a t e s  a l l  t h e  p o s s i b l e  [ XJ  / S., L,  e t c .  v a l u e s  o f  
t h e  p a r e n t  s t a t e s  f o r  w h i c h  t h e  i n v o l v e d  f . p . c ' s  a r e  
n o n - z e r o ,  and c a r r i e s  o u t  t h e  needed summat ions  u s i n g  
t h e  v a l u e s  o f  f . p . c ' s  and t h e  9 - j  s y m b o l s .  The end 
r e s u l t  o f  t h e s e  summat ions  i s  t h e  c o e f f i c i e n t  o f  P. 
o r  o f  R j , w h i c h e v e r  i s  under  c o n s i d e r a t i o n .  The 
p rogram MAIN s e r v e s  m a i n l y  as an i n p u t  and o u t p u t  
d e v i c e ,  r e a d i n g  t h e  v a l u e s  o f  f . p . c ' s  and t h e  [ X ] ,  S,
L, e t c .  v a l u e s  o f  t h e  b a s i s  s t a t e s  f r o m  d a t a  c a r d s ,
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and l a t e r  on t r a n s f e r r i n g  t h e  d a t a  t h a t  i t  r e c e i v e s  
f r o m  t h e  s u b r o u t i n e s  on t o  t h e  d i s c .  The s t o r i n g  o f  
t h i s  i n t e r m e d i a t e  d a t a  on t h e  d i s c  pac k  r e s u l t s  i n  a 
c o n s i d e r a b l e  s a v i n g  o f  c o m p u t e r  t i m e ,  o t h e r w i s e  
r e p e t i t i o n s  o f  t h e  abov e  m e n t i o n e d  c o m p u t a t i o n s  a r e  
needed  a t  each  s t a g e  o f  l a t e r  c a l c u l a t i o n s .
The s e c o n d  p r o g r a m o f  t h i s  s y s t e m ,  as d e p i c t e d  
by a b l o c k  d i a g r a m  i n  f i g u r e  ( 1 . 2 ) ,  d e t e r m i n e s  t h e  
v a l u e s  o f  P. by o b t a i n i n g  a b e s t  p o s s i b l e  f i t  t o  a s e t  
o f  e n e r g y  l e v e l s  i n  t h e  n u c l e i  u n d e r  c o n s i d e r a t i o n .
T h i s  p r o g r a m  s t a r t s  by g e t t i n g  t h e  d a t a  f r o m  t h e  d i s c  
pack  and l o a d i n g  t h a t  i n t o  t h e  f a s t  memory o f  t h e  
c o m p u t e r .  Then A,  J ,  T,  E and AE v a l u e s  o f  t h e  l e v e l s
X X
t o  be f i t t e d ,  t h e  i n i t i a l  s t a r t i n g  v a l u e s  o f  P . , and
t h e  a d m i s s i b l e  s t e p s  t h r o u g h  w h i c h  P. can  be v a r i e d
i n i t i a l l y ,  a r e  r e a d  f r o m  d a t a  c a r d s .  Then t h e  f i t t i n g
s u b r o u t i n e  FITTEM i s  c a l l e d  t o  v a r y  t h e  p a r a m e t e r s  and
2
t o  o b t a i n  a mi n i mum i n  x • FITTEM c a l l s  t h e  e x t e r n a l
f u n c t i o n  SUMVAL a f t e r  each  c han ge  o f  p a r a m e t e r  v a l u e s
2
t o  s u p p l y  i t  w i t h  a c u r r e n t  v a l u e  o f  x • The e x t e r n a l  
f u n c t i o n  SUMVAL,  u s i n g  t h e  s t o r e d  v a l u e s  o f  t h e  
c o e f f i c i e n t s  o f  P. s u p p l i e d  t o  i t  by MAIN,  and t h e  
c u r r e n t  v a l u e s  o f  P. as s u p p l i e d  t o  i t  by  FI TTEM,  f o r m s  
s e p a r a t e  e n e r g y  m a t r i c e s  f o r  each s e t  o f  v a l u e s  o f
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F i g u r e  ( 1 . 2 ) : B l o c k  d i a g r a m  o f  t h e  f i t t i n g  p r o g r a m .
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A, J and T. I t  t h e n  c a l l s  t h e  s u b r o u t i n e  EIGEN t o  
d i a g o n a l i s e  t h e s e  m a t r i c e s  and to  s u p p l y  i t  w i t h  
e i g e n v a l u e s .  SUMVAL t he n  c a l c u l a t e s  t h e  e x c i t a t i o n  
e n e r g i e s  o f  l e v e l s  and compares them w i t h  t h e i r
c o r r e s p o n d i n g  e x p e r i m e n t a l  e x c i t a t i o n  e n e r g i e s  t o  o b t a i n
2 2 a v a l u e  o f  x • Once a s a t i s f a c t o r y  minimum i n  x has
been o b t a i n e d ,  t he  c o n t r o l  r e t u r n s  t o  p rogram MAIN
w her e  t h e  f i n a l  s e t  o f  p a r a m e t e r s  as w e l l  as t h e  f i t  t o
t h e  e n e r g y  l e v e l s  i s  w r i t t e n .  Then u s i n g  t h e s e  f i n a l
v a l u e s  o f  P . ,  a l l  p o s s i b l e  l e v e l s  a r e  computed t o  ch eck
t he  p l a c e m e n t s  o f  u n f i t t e d  l e v e l s .
The above d e s c r i b e d  p rogram i s  t h e  most  t i m e
c o ns umi ng  p r ogr am o f  t h e  w h o l e  c a l c u l a t i o n ,  as t he
c a l c u l a t i o n s  have t o  be c a r r i e d  o u t  many t i m e s  i n  t h e
2
f i t t i n g  phase i n  an a t t e m p t  t o  l o c a t e  a minimum in  x •
The t o t a l  c o n s u m p t i o n  o f  t i m e  in  t h i s  p rogram depends
s e n s i t i v e l y  on t h e  e f f i c i e n c y  o f  t he  f i t t i n g  s u b r o u t i n e
2
i n  a p p r o a c h i n g  t ow a r d s  a minimum i n  x • The l i b r a r y  
s u b r o u t i n e  FITTEM has been f o u n d  t o  be q u i t e  an 
e f f i c i e n t  s u b r o u t i n e ,  and has been used by many
00 \ 2
w o r k e r s  i n  x f i t t i n g  o f  N u c l e a r  P h y s i c s  d a t a  in
ANU. The s u b r o u t i n e  FITTEM a p p ro a ch es  t ow a r d s  a 
2
minimum i n  x i n  two d i f f e r e n t  s t a g e s .  In t h e  f i r s t  
s t a g e  t h e  p a r a m e t e r s  a r e  changed s i n g l y .  The p r ogr am
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c o n t i n u e s  c y c l i n g  i n  t h i s  s t a g e  as l o n g  as i t  i s  a b l e  
2
t o  d e c r e a s e  x a p p r e c i a b l y .  In t h e  second  s t a g e ,  t h e
p a r a m e t e r s  a r e  c ha n ge d  s i n g l y  and i n  p a i r s ,  and a t  t h e
end o f  eac h  c y c l e ,  a l l  t h e  p a r a m e t e r s  a r e  changed
s i m u l t a n e o u s l y .  The p r o g r a m  a t t e m p t s  t o  l o c a t e  a 
2
min i mum i n  x by  f i t t i n g  a p a r a b o l i c  s u r f a c e  t o  p o i n t s  
2
on t h e  x s u r f a c e ,  and t h e n  p r o c e e d i n g  t o  t h e  min i mum
o f  t h e  p a r a b o l i c  s u r f a c e .  On e x i t ,  t h e  p r o g r a m  a l s o
p r i n t s  t h e  c a l c u l a t e d  ' s t e p - s i z e '  f o r  each p a r a m e t e r .
The s t e p - s i z e  i s  c h o s e n  so t h a t  a s t e p  c hange  f r o m  t h e
p o s i t i o n  o f  t h e  b e s t  f i t  p r o d u c e s  t h e  same p r e a s s i g n e d
2
f r a c t i o n a l  c h a n g e  i n  x ; no m a t t e r  w h i c h  p a r a m e t e r  i s
a l t e r e d .  I n  t h i s  way t h e  s t e p - s i z e  becomes a r ou gh
2
i n d i c a t o r  o f  how s e n s i t i v e l y  x depends  on a p a r a m e t e r :
2
t h e  l a r g e r  t h e  s t e p - s i z e ,  t h e  l e s s  s e n s i t i v e  x i s  t o  
t h e  p a r a m e t e r  i n  q u e s t i o n .  The same f i t t i n g  s u b r o u t i n e  
FITTEM has been  used  by us i n  t h e  a n a l y s i s  o f  t h e  
^ L i  ( p ,  c i)S -le  r e a c t i o n  d a t a  d e s c r i b e d  i n  p a r t  I I  o f  t h i s  
t h e s i s .
Fo r  t h e  d e v e l o p m e n t  o f  t h e  t h i r d  p a r t  o f  t h i s  
p r o g r a m  s t r u c t u r e ,  f o u r  d i f f e r e n t  c o m p u t e r  p r o g r a m s  
have  been w r i t t e n ;  one  f o r  t h e  c a l c u l a t i o n  o f  l o g  f t  
v a l u e s  o f  3 - d e c a y s ;  o ne  f o r  t h e  c a l c u l a t i o n  o f  Ml  
t r a n s i t i o n  r a t e s  and m a g n e t i c  d i p o l e  momen ts ;  w h i l e
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t h e  o t h e r  two a r e  f o r  t h e  c a l c u l a t i o n  o f  s i n g l e  and 
t w o - n u c l e o n  t r a n s f e r  s p e c t r o s c o p i c  f a c t o r s  r e s p e c t i v e l y .  
A l l  t h e s e  programs a r e  s i m i l a r  i n  t h e i r  l o g i c a l  s t r u c t u r e  
up t o  t h e  c a l c u l a t i o n  o f  e i g e n v e c t o r s .  Thus we do n o t  
d e s c r i b e  h e r e  a l l  o f  t h e s e  programs s e p a r a t e l y ,  r a t h e r  
a t t e m p t  t o  g r o u p  them t o g e t h e r  i n  f i g u r e  ( 1 . 3 ) ,  i n  
w h i c h  o n l y  t h e  p r ogr am f o r  t h e  c a l c u l a t i o n  o f  t w o - n u c l e o n  
t r a n s f e r  s p e c t r o s c o p i c  f a c t o r s  has been d e p i c t e d  
e x p l i c i t l y .  Each o f  t h e s e  p rograms s t a r t s  f r om  r e a d i n g  
t h e  d a t a  on t h e  d i s c  pack and l o a d i n g  t h a t  i n t o  t h e  
f a s t  memory o f  t h e  c o m p u t e r .  T h i s  i s  f o l l o w e d  by 
r e a d i n g  t h e  [ X ] ,  S, L e t c .  v a l u e s  o f  t h e  b a s i s  s t a t e s ,  
t h e  v a l u e s  o f  P . ,  and t h e  v a l u e s  o f  f . p . c ' s  ( 2 - p a r t i c l e  
f . p . c ' s  f o r  S ( ,  S 2 / \~2 /  J 2  ^ anc* 1— Pa  ^t  i c 1 e f . p . c ' s  f o r  
o t h e r  o b s e r v a b l e s )  f r o m  d a t a  c a r d s .  Then i n  each 
p ro gr am,  u s i n g  t h e  v a l u e s  o f  P . ,  and t h e  c o e f f i c i e n t s  
o f  P . ,  s e p a r a t e  e n e r g y  m a t r i c e s  a r e  fo r med  f o r  each 
c o m b i n a t i o n  o f  A, J and T v a l u e s ,  and t h e s e  a r e  t h e n  
d i a g o n a l i s e d  w i t h  t h e  h e l p  o f  t h e  s u b r o u t i n e  EIGEN t o  
g e t  e i g e n v a l u e s  and t h e  a m p l i t u d e s  o f  t h e  b a s i s  s t a t e s .  
A l l  o f  t h e s e  p rograms c a l l  d i f f e r e n t  s u b r o u t i n e s  o u t  
o f  CLEB, RAC7 and NINEJ t o  s u p p l y  them w i t h  t h e  needed 
v a l u e s  o f  t h e  a n g u l a r  momentum c o u p l i n g  c o e f f i c i e n t s .
Then u s i n g  t h e  needed v a l u e s  o f  t h e  f . p . c ' s ,  t he  
n u m e r i c a l  v a l u e s  o f  t h e  a n g u l a r  momentum c o u p l i n g
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F i g u r e  ( 1 . 3 ) : B l o c k  d i a g r a m  o f  t h e  c o m p u t e r  p r o g r a m
f o r  c a l c u l a t i n g  t h e  t w o - n u c l e o n  t r a n s f e r  
s p e c t r o s c o p i c  f a c t o r s .
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B a r k e r  ha s  o b s e r v e d  t h a t  t h e  p a r a m e t e r s  o f  t h e
e f f e c t i v e  n u c l e a r  i n t e r a c t i o n  n e e d e d  t o  f i t  t h e  d a t a
o f  t h e  l i g h t e r  n u c l e i  o f  t h e  l p - s h e l 1 c h a n g e  a p p r e c i a b l y
9 )b e t w e e n  n u c l e i  o f  mas s  nu mb e r s  7 and 8.  A m i t - K a t z
1 0 )and C o h e n - K u r a t h  h a v e  f o u n d  t h a t  t h e y  can  f i t
s i m u l t a n e o u s l y  t h e  d a t a  in n u c l e i  o f  A > 8,  b u t  t h a t
some o f  t h e  p r o p e r t i e s  o f  t h e  A = 6 and 7 n u c l e i  a r e
1 2 )n o t  f i t t e d  w e l l .  Gol dhammer  e t  a l  , on t h e  o t h e r  
hand /  h a v e  o b s e r v e d  t h a t  t h e y  c a n  f i t  t h e  d a t a  o f  a l l  
n u c l e i  i n  t h e  l p - s h e l l ,  e x c e p t  t h a t  o f  t h e  n u c l e i  o f  
mas s  number  8.
To g e t  i n d i c a t i o n s  a s  t o  w h i c h  n u c l e i  w i t h i n  t h e
mass  number  r a n g e  o f  6 t o  9 c a n  be f i t t e d  t o g e t h e r /
and how t h e  v a l u e s  o f  t h e  i n t e r a c t i o n  p a r a m e t e r s
c h a n g e  f r o m  o n e  g r o u p  o f  n u c l e i  t o  a n o t h e r ,  we h a v e
f i r s t  f i t t e d  t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  in
s m a l l e r  c o m b i n a t i o n s  o f  A v a l u e s  o n l y .  As good i n i t i a l
s t a r t i n g  v a l u e s  o f  p a r a m e t e r s ,  we h a v e  u s e d  t h e  f i n a l
12 )p a r a m e t e r  v a l u e s  o f  Gol dhammer  e t  a l  and  o f  Cohen 
and K u r a t h ^  . To make t h e  l e a s t  s q u a r e s  f i t t i n g  
p r a c t i c a b l e  i n s m a l l e r  c o m b i n a t i o n s  o f  l p - s h e l l  n u c l e i ,  
and t o  g e t  i n d i c a t i o n s  a s  t o  w h i c h  p a r a m e t e r s  a r e  mo r e  
i m p o r t a n t  t h a n  t h e  o t h e r s ,  we h a v e  f i r s t  v a r i e d  o n l y  a
8 )
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f ew p a r a m e t e r s  a t  a t i m e ,  b u t  i n  d i f f e r e n t  c o m b i n a t i o n s .  
Our  p r e l i m i n a r y  f i t s  have  i n d i c a t e d  t h a t  t h e  e x c i t a t i o n  
e n e r g i e s  o f  l e v e l s  i n  t h e  n u c l e i  u n d e r  c o n s i d e r a t i o n  
a r e  n o t  v e r y  s e n s i t i v e  t o  P P^,  P^,  P^ q and P ^ .
The v a l u e s  o f  t h e s e  p a r a m e t e r s  can be changed  a p p r e c i a b l y  
w i t h o u t  a f f e c t i n g  t h e  q u a l i t y  o f  t h e  f i t s  v e r y  much.
On t h i s  e v i d e n c e ,  we have  k e p t  t h e s e  p a r a m e t e r s  f i x e d  
wh e n e v e r  t h e r e  w e r e  n o t  enough e x c i t a t i o n  e n e r g i e s  
a v a i l a b l e  t o  w a r r a n t  t h e  v a r i a t i o n  o f  mor e  t h a n  a f ew 
p a r a m e t e r s .
Our  c a l c u l a t i o n s  show t h a t  we can f i t  t o g e t h e r
g
q u i t e  w e l l  t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  i n  Li
7 8 9and L i ,  and s i m i l a r l y  t h o s e  i n  Be and Be,  b u t  t o  g e t
a good s i m u l t a n e o u s  f i t  t o  t h e  d a t a  o f  A = 6 t o  9
n u c l e i  i s  q u i t e  d i f f i c u l t .  The same d i f f i c u l t y  i s
e x p e r i e n c e d ,  f o r  e x a m p l e ,  when we a t t e m p t  t o  f i t
s i m u l t a n e o u s l y  a c o m b i n a t i o n  o f  t h r e e  n u c l e i ,  l i k e
A = G t o  8 o r  A = 7 t o  9.  I t  i s  i n t e r e s t i n g  t o  n o t e
f r o m  o u r  c a l c u l a t i o n s  t h a t  t h e  i n t e r a c t i o n
6p a r a m e t e r s  w h i c h  f i t  t h e  e x c i t a t i o n  e n e r g i e s  o f  Li  
and ^ L i ,  p r e d i c t  t h e  e x c i t a t i o n  e n e r g i e s  o f  h i g h e r
A69
8 9 ★ )
l y i n g  l e v e l s  o f  Be and Be t o o  l ow by a b o u t  2 t o  3
MeV.  On t h e  o t h e r  hand ,  t h e  p a r a m e t e r s  w h i c h  f i t  t h e
8 9e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  i n  Be and Be,  p r e d i c t
t h e  e x c i t a t i o n  e n e r g i e s  o f  h i g h e r  l y i n g  l e v e l s  o f  ^ L i ,
f )t o o  h i g h  i n  e n e r g y  by a b o u t  2 t o  3 MeV.  When t h e
d a t a  o f  A = 6 t o  9 n u c l e i  a r e  f i t t e d  t o g e t h e r ,  t h e  
g e n e r a l  o v e r - a l l  f i t  o b t a i n e d  i s  q u i t e  poo r  w i t h  6 
e x c i t a t i o n  e n e r g i e s  d e v i a t i n g  by more t h a n  1 M.eV f r o m  
t h e i r  c o r r es p o n d i n g  e x p e r i m e n t a l  e n e r g i e s  . In t h e s e  
f i t s  a l s o ,  t h e  downwar d  and upwa r d  s h i f t s  o f  h i g h e r  
l y i n g  l e v e l s  a r e  o b s e r v e d  ( s e e  f o o t n o t e  # ) ,  t h o u g h  t o  
a l e s s e r  e x t e n t .
* )  The p r e d i c t e d  e x c i t a t i o n  e n e r g i e s  o f  21,  20 , 11,
31 ,  30 and 41 l e v e l s  o f  ^Be a r e  l ow by 3 . 0 7 ,  1 . 6 4 ,  2 . 3 1 ,
3 . 2 1 ,  2 . 4 0  and 4 . 3 4  MeV r e s p e c t i v e l y .  S i m i l a r l y  t h e  3 / 2
3 / 2  and 1 / 2  3 / 2  l e v e l s  o f  ^Be have v a l u e s  w h i c h  a r e  2 . 0
and 2 . 8 9  MeV l o w e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e s .  The
8 9o t h e r  l e v e l s  o f  Be and Be a r e  p r e d i c t e d  r e a s o n a b l y  w e l l .
+)  The 5 / 2  1 / 2 * ,  7 / 2  1 / 2 * ,  3 / 2  1 / 2 *  and 3 / 2  3 / 2  l e v e l s
o f  ^ L i  b e l o n g i n g  m a i n l y  t o  t h e  s y mme t r y  [ 21 ]  a r e  h i g h e r
t h a n  t h e  e x p e r i m e n t a l  v a l u e s  by 2 . 5 2 ,  3 . 4 0 ,  2 . 4 7  and 1 . 5 5
MeV r e s p e c t i v e l y .  The o t h e r  l e v e l s  o f  ^ L i ,  and t h e  l e v e l s  0
o f  L i ,  b e l o n g i n g  m a i n l y  t o  t h e  s y m m e t r i e s  [ 3 ]  and [ 2 ]  
r e s p e c t i v e l y ,  a r e  p r e d i c t e d  r e a s o n a b l y  w e l l .
#)  The E = 7 . 4 8 ,  9 . 7  and 1 1 .1 3  MeV l e v e l s  o f  7 Li  a r e
X
f i t t e d  a t  E = 8 . 6 3 ,  . 11 . 20  and 1 2 . 4 7  MeV r e s p e c t i v e l y .
X
The E = 1 6 . 6 3  ( u s e d  a t  E = 1 6 . 7 9  MeV,  a f t e r  a d j u s t m e n t
x x s
f o r  i s o - s p i n  m i x i n g )  and 2 3 . 3 2  MeV l e v e l s  o f  Ee,  and
t h e  1 6 . 9 7  MeV l e v e l  o f  ^ B e , a r e  f i t t e d  a t  E = 1 5 . 7 6 ,x
2 2 . 2 0  and 1 5 . 6 2  MeV r e s p e c t i v e l y .
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I t  i s  n o t e d  t h a t  t h e  v a l u e s  o f  P. ( i  = 1 , 1 2 )
d e r i v e d  by f i t t i n g  t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  i n  
6 7Li  and L i ,  r e s e m b l e  i n  s i g n s  and i n  o r d e r  o f  m a g n i t u d e s
t h e  ones  o b t a i n e d  by f i t t i n g  t h e  d a t a  o f  A = 11 t o  14
n u c l e i .  W h i l e ,  on t h e  o t h e r  hand ,  t h e  v a l u e s  o f  P.
o b t a i n e d  by f i t t i n g  t h e  d a t a  o f  ^Be and ^Be do n o t
show such  a r e s e m b l a n c e .  F u r t h e r ,  t h e  v a l u e s  o f  P.
o b t a i n e d  i n  t h e  l a t t e r  c a s e  c a n n o t  e x p l a i n  t h e  b i n d i n g
e n e r g i e s  o f  t h e  g r o u n d  s t a t e s  o f  A = 8 and 9 n u c l e i
10 12 )w i t h  a r e a s o n a b l e  v a l u e  (as  e x p e c t e d  f r o m  p r e v i o u s  
c a l c u l a t i o n s )  o f  a,  w h i l e  t h e  ones  d e r i v e d  i n  t h e  
f o r m e r  c a s e  can do so f o r  t h e  A = 0 and 7 n u c l e i .  I t  
i s  f u r t h e r  w o r t h  n o t i n g  t h a t  t h e  v a l u e s  o f  P. needed 
f o r  ^ L i  and ^ L i  r e s e m b l e  t h o s e  o h t a i n e d ^ ^ ^ ^  f r o m
g
r e a l i s t i c  i n t e r a c t i o n s ,  w h i l e  t h e  ones  needed  f o r  Be 
g
and Be do n o t  show s uc h  a r e s e m b l a n c e .  A l l  t h e s e  
make us f e e l  t h a t  t h e  v a l u e s  o f  P. o b t a i n e d  by f i t t i n g  
t h e  d a t a  o f  A = 8 and 9 n u c l e i  a r e  u n r e a s o n a b l e .
8 9As t h e  v a l u e s  o f  P. o b t a i n e d  f r o m  Be and Be
seemed u n r e a s o n a b l e  and as we c o u l d  n o t  o b t a i n  a good
s i m u l t a n e o u s  f i t  t o  t h e  d a t a  o f  A = C t o  9 n u c l e i ,  we
a t t e m p t e d  t o  t a c k l e  t h e  p r o b l e m  f r o m  t wo d i f f e r e n t
d i r e c t i o n s .  F i r s t l y ,  we a t t e m p t e d  t o  a n a l y s e  t h e
7 4e x p e r i m e n t a l  d a t a  o f  t h e  L i ( p , a )  He r e a c t i o n
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( r e p o r t e d  i n p a r t  II o f  t h i s  t h e s i s ) ,  t o  i n c r e a s e  t h e  
a v a i l a b l e  e x p e r i m e n t a l  i n f o r m a t i o n  f o r  t h i s  s t u d y .  T h i s  
a n a l y s i s  g i v e s  i n f o r m a t i o n  a b o u t  t h e  a - e m i t t i n g  s t a t e s
o
o f  °Be l y i n g  a t  a b o u t  20 MeV e x c i t a t i o n  e n e r g y .  The
i d e a  o f  c a r r y i n g  o u t  t h i s  a n a l y s i s  was  t h a t  t h i s  i n c r e a s e d
e x p e r i m e n t a l  i n f o r m a t i o n  c o u l d  be  u t i l i s e d  a l o n g  w i t h
t h a t  a l r e a d y  i n  e x i s t e n c e  f o r  i n v e s t i g a t i n g  t h e  c a u s e  o f
t h i s  d i f f i c u l t y .  The  s e c o n d  a p p r o a c h  wh i c h  was  s t a r t e d
* )a f t e r  a s u g g e s t i o n  by P r o f e s s o r  E l l i o t t ,  i s  d e s c r i b e d  
b e l o w.
8 9When t h e  l e v e l s  o f  Be a nd  Be a r e  p r e d i c t e d  w i t h  
t h e  u s e  o f  P. v a l u e s  o b t a i n e d  by f i t t i n g  t h e  d a t a  o f  
^Li  and  ^ L i ,  t h e n  t h e  l o w - l y i n g  l e v e l s  o f  ^Be and ^Be 
a r e  p r e d i c t e d  r e a s o n a b l y  w e l l .  T h e s e  l e v e l s  ( i . e .  00,
20 and  40 i n  8Ce,  a nd  3 / 2  1 / 2 ,  5 / 2  1 / 2  a n d  7 / 2  1 / 2  i n
9 8Be) b e l o n g  m a i n l y  t o  s y m m e t r i e s  [4] and  [41]  i n  Be
9a nd  Be r e s p e c t i v e l y .  I t  ha s  b e e n  o b s e r v e d  by many 
B 7 G 3 )a u t h o r s  '  ° t h a t  t h e s e  l o w - l y i n g  l e v e l s  b e l o n g i n g
*)  P o s s i b l e  e n e r g y  s h i f t  o f  t h e  l e v e l s  o f  maximum 
o r b i t a l  s y mme t r y ,  due  t o  t h e  p o s s i b l e  d e f o r m a t i o n  o fg
Be as  i n d i c a t e d  by t h e  H a r t r e e - F o c k  c a l c u l a t i o n s  o f  
Bo u t e n  e t  a l ,  was  s u g g e s t e d  by P r o f e s s o r  J . P .  E l l i o t t  
w h i l e  he was  v i s i t i n g  t h e  A. N. U.  The a u t h o r  i s  
t h a n k f u l  t o  P r o f e s s o r  E l l i o t t  f o r  t h i s  s u g g e s t i o n .
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mainly to the maximum orbital symmetries form approximate
12 )rotational bands. Goldhammer et al have observed that 
they can fit reasonably well the excitation energies ofg
20 and 40 states of Be, but the binding energy of theg
ground state of Be is predicted to be 2.66 MeV too low. 
This shifts the calculated spectrum upwards as compared 
to the experimental one, and makes the overall fit 
to absolute energies of levels look quite poor.
Goldhammer et al do not seem to have included the higherg
lying levels of Be (i.e. the levels belonging mainly 
to lower symmetries) in their study. Thus it is not 
known, how the higher lying levels would have been 
fitted. This information now seems to be provided by 
our calculations, i.e. if the excitation energies of 
low-lying levels are fitted, then the energies of 
higher lying levels are lower than the experimental 
values. So if the whole calculated ground state 
rotational band is fitted higher in energy as required 
by the work of Goldhammer et al, the higher lying levels 
probably would be fitted reasonably well.
12 )Goldhammer et al have not included any level
9 9of Be in their fits. They have observed that in Be
also the ground state binding energy is predicted to
be 0.71 MeV too low in energy, while the excitation
energies of 5/2 1/2 and 7/2 1/2 levels (both belonging
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m a i n l y  t o  [ 41 ]  s y m m e t r y )  a r e  p r e d i c t e d  r e a s o n a b l y  w e l l .
T h i s  may i n d i c a t e  t h e  p r e s e n c e  o f  a somewhat  s i m i l a r  
9 8s i t u a t i o n  i n  Be/  as i n  Be.
C o u p l i n g  t h e  o b s e r v a t i o n s  o f  t h e  a b o v e  m e n t i o n e d
a u t h o r s  w i t h  t h o s e  o f  o u r ' s ,  i t  seems t h a t  t h e  d i s c r e p a n c y
b e t w e e n  t h e  e x p e r i m e n t a l  and t h e  c a l c u l a t e d  e n e r g i e s  o f  
8 9l e v e l s  i n  Be and Be may be r emov ed ,  i f  one  s h i f t s  t h e  
c a l c u l a t e d  g r o u n d  s t a t e  r o t a t i o n a l  bands  t o  l o w e r  e n e r g i e s .
g
On d o i n g  t h i s ,  t h e  g r o u n d  s t a t e  b i n d i n g  e n e r g i e s  o f  Be 
g
and Be w o u l d  a l s o  h o p e f u l l y  be p r e d i c t e d  c o r r e c t l y .
An i n d i c a t i o n  o f  s uc h  s h i f t s  has been p r o v i d e d  r e c e n t l y
by t h e  p r o j e c t e d  H a r t r e e - F o c k  c a l c u l a t i o n s  o f  Bo u t e n
e t  a - | 69 , 70 ) ^  These  c a l c u l a t i o n s  show t h a t  t h e  d e p a r t u r e
o f  n u c l e i  f r o m  s p h e r i c a l  s y mme t r y  i n c r e a s e s  t h e  b i n d i n g
69 )e n e r g y .  B o u t e n  e t  a l  have f o u n d  t h a t  t h e  g a i n  i n
b i n d i n g  e n e r g y  due t o  d e v i a t i o n  f r o m  s p h e r i c i t y  i s
8 * )  l a r g e r  f o r  Be t h a n  w o u l d  be e x p e c t e d  f r o m  t h e  t r e n d
o f  t h e i r  r e s u l t s  f o r  l i g h t e r  n u c l e i .  I n  a n o t h e r  s t u d y ,
B o u t e n  e t  a l ^ ^  have shown t h a t  t h e  d e f o r m a t i o n  o f  t h e
g
- v e  p a r i t y  s t a t e s  o f  Be ( b e l o n g i n g  m a i n l y  t o  s y mme t r y
* )  The g a i n  i n  e n e r g i e s  due t o  d e f o r m a t i o n s  f o r  t h e  
g r o u n d  s t a t e s  o f  ^He,  ^ L i ,  ^ L i  and ^Be a r e  3 . 0 2 ,  6 . 0 2 ,  
9 . 0 2  and 1 4 . 6 7  MeV r e s p e c t i v e l y .
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[ 4 1 ] )  i s  s i m i l a r  t o  t h e  g r o u n d  s t a t e  o f  °Be.
To i n c l u d e  t h e  e n e r g y  s h i f t s  o f  t h e  g r o u n d  s t a t e  
b a n d s ,  we i n t r o d u c e  t wo new f r e e  p a r a m e t e r s ,  l a b e l l e d
g
as P-j^ and P ^ ,  w h i c h  t a k e  a c c o u n t  o f  s h i f t s  i n  Be and 
9
Be r e s p e c t i v e l y .  We d e t e r m i n e  t h e  v a l u e s  o f  t h e s e  
p a r a m e t e r s  by o b t a i n i n g  t h e  b e s t  p o s s i b l e  f i t  t o  
e x p e r i m e n t a l  d a t a .  These  p a r a m e t e r s  r e p r e s e n t  c o n s t a n t  
amoun t s  o f  e n e r g i e s  w h i c h  a r e  added t o  each  l e v e l  o f  
t h e  r e s p e c t i v e  g r o u n d  s t a t e  r o t a t i o n a l  bands  t o  l o w e r  
t h e i r  e n e r g i e s  w i t h  r e s p e c t  t o  t h e  o t h e r  h i g h e r  l y i n g  
l e v e l s .  When t h e s e  s h i f t s  a r e  i n c l u d e d  a good 
s i m u l t a n e o u s  f i t  t o  t h e  d a t a  o f  A = 6 t o  9 n u c l e i  can 
be a c h i e v e d .  The p a r a m e t e r  v a l u e s  P. seem t o  r e s e m b l e  
t h o s e  o b t a i n e d  by f i t t i n g  t h e  d a t a  o f  A = 11 t o  14 
n u c l e i ,  and t h e  g r o u n d  s t a t e  b i n d i n g  e n e r g i e s  a r e  
c o n s i s t e n t  w i t h  a c o n s t a n t  v a l u e  o f  q.
g
The e x i s t e n c e  o f  d e f o r m e d  s t r u c t u r e s  i n  Be and
9 6 9 7 0 )Be,  as i n d i c a t e d  by  t h e  c a l c u l a t i o n s  o f  B o u t e n  e t  a l  '
t h e n  seems t o  be one o f  t h e  c a u s e s  w h i c h  p r e v e n t s  v a r i o u s  
t )  Ga i n  i n  e n e r g i e s ^ ^  due t o  d e f o r m a t i o n s  f o r  t h e  l o w e s t
7T -  — — 9
L = 1 , 2  and 3 s t a t e s  o f  Be,  and w i t h o u t  t h e  i n c l u s i o n  
o f  s p i n - o r b i t  f o r c e s ,  a r e  1 0 . 8 1 ,  1 0 . 2 3  and 7 . 2 5  M.eV 
r e s p e c t i v e l y .  The g a i n s  i n  b i n d i n g  e n e r g i e s  a f t e r  t h e  
i n c l u s i o n  o f  s p i n - o r b i t  f o r c e s  have  n o t  been q u o t e d ^ ^ .
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a u t h o r s  f r o m  o b t a i n i n g  a good s i m u l t a n e o u s  f i t  t o  t h e  
d a t a  o f  l p - s h e l l  n u c l e i .
H owev e r ,  m e n t i o n  may be made a t  t h i s  p l a c e  t h a t  no 
e n e r g y  s h i f t s  have  been i n c l u d e d  i n  A = 11 t o  14 n u c l e i ,  
b e c a u s e  t h e  e x c i t a t i o n  e n e r g i e s  o f  l e v e l s  i n  t h e s e  
n u c l e i  can  be f i t t e d  e a s i l y .  The f i n a l  v a l u e s  o f  
p a r a m e t e r s  c l o s e l y  r e s e m b l e  t h o s e  o f  Cohen and K u r a t h ,  
g i v i n g  a p p r o x i m a t e l y  same s o r t  o f  r e s u l t s .  Ho f i t t i n g  
has been a t t e m p t e d  f o r  A = 10 n u c l e i .  The i n t e r a c t i o n  
p a r a m e t e r s  o b t a i n e d  f o r  A = 6 t o  9 and f o r  A = 11 t o  14 
n u c l e i  have  been used  t o  c o m pu t e  t h e  e x c i t a t i o n  e n e r g i e s  
and e i g e n v e c t o r s  o f  l e v e l s  i n  A = 10 n u c l e i .  He re  a l s o  
t h e  r e s u l t s  r e s e m b l e  t h o s e  o f  Cohen and K u r a t h .  Thus 
t h e  r e s u l t s  f o r  A = 10 t o  14 n u c l e i  w i l l  n o t  be q u o t e d  
h e r e a f  t e r .
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Section IF: Effective Nuclear Interaction
1 • Values of Interaction Parameters:
Including the energy shifts of the ground state bands
8 9in Be and Be, a fit has been obtained to 24 excitation 
energies of levels in A = 6 to 9 nuclei. The final 
values of the 14 free parameters, which have been used 
to obtain this fit with a root mean square (r.m.s.) energy 
deviation of 0.24 MeV, are given in table (1.3).
During the process of fitting the excitation energies 
of levels in A = 6 to 9 nuclei, we have observed that the 
parameters , P^ , (which denote the two-
particle matrix elements with L 2 = ^2 =  ^* "^ 2 ^2 = ^  
for the first three, while T 2 S2 = 00 for the last one)
and P ^  (two-partic1e matrix element coupling L2 = 2 with
1
L,, = 0) are, in general, not well determined as their 
values can be changed appreciably without affecting the 
quality of the final fits very much. This is also 
indicated by the appearance of big steps (see description 
of FITTEM in section ID) which always accompany these 
parameters. Observations similar to our's have also 
been reported by many other authors who have carried out 
intermediate coupling shell model calculations by using 
two-body central plus one-body spin-orbit terms. For 
example, Kurath*7^ ,  Elliott^^, and Soper'7^  have pointed
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T a b l e  ( 1 . 3 ) : N u m e r i c a l  v a l u e s  o f  t h e  14 f r e e  p a r a m e t e r s  
w h i c h  b e s t  f i t  t h e  e x c i t a t i o n  e n e r g i e s  o f  
l e v e l s  i n  A = 6 t o  9 n u c l e i . .
j 2 t 2 Csl
COCX
I
—
I
I i
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out that the properties of the low-lying states of nuclei 
are not sensitive to the same degree to the values of 
the exchange mixture coefficients Aqq and A ^  (The 
subscripts stand for S  ^ values. A^q is related to 
P^q , while A-j^  to P,^ , P^ and P^), as to the values of 
the other exchange mixture coefficients, i,e , A^^ and A^q . 
Elliott^^ has even remarked that it is difficult to find 
a piece of data which is sensitive to Aq q . Thus the 
observations of these authors, and of our's, seem to 
imply that the values given in table (1.3) for some of 
the parameters out of P^  , P^  , P^ , P-^ q and P ^  may not 
be very well determined. We shall, however, come back 
to this point later and show that the values of some of 
these parameters seem to be better determined in the 
present study than in the works of previous authors.
Two of the other parameters, which we feel are 
rather better determined, are P-^ and P ^  . The values 
of these parameters show that the required energy shiftg
for the ground state band in Be is needed to be
approximately 1 MeV greater than the one required for 
9Be. If these shifts are in any way connected with the
deformations of nuclei as indicated by the Hartree-Fock
calculations of Bouten et a l ^ ' ^ ^ ,  our fits may
8 9indicate a larger deformation for Be than that for Be.
A7 9
The usefulness of the values of interaction 
parameters obtained in the present study may be judged 
by comparing the results of the previous authors with 
the ones obtained by us. These comparisons may be made 
in two different ways, i.e. by comparing the fits to
input data, and by comparing the predictions of observable
*
quantities. For these comparisons we do not compare our 
results with those of all the previous authors but, in 
general, with the results of those authors who have fitted 
the data of A = 6 to 9 nuclei better than other authors. 
Further, we do not make a level by level comparison of 
properties, rather take interest in only those properties 
of levels which we feel may be sensitive to some of the 
differences between the interaction parameters obtained 
by different authors. These comparisons are reported in 
the next few sub-sections.
2. Fits to Excitation Energies of Levels:
With the use of the obtained set of interaction
parameters, we show the comparison of our calculated
levels with those of experimental ones, and with the
8)ones calculated by Barker (who has best fitted the
data of A = 6 to 9 nuclei out of all the previous authors)
10)and by Cohen and Kurath (whose values of interaction 
parameters could be used in our computer programs to
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calculate their predictions in detail). Cohen and 
Kurath have quoted three sets of interaction parameters 
[(8-16)POT, (6-16) 2 BME and (8-16) 2BME] in their first 
p a p e r ^ \  In their second paper^"^, Cohen and Kurath 
have quoted their results for A = 6 to 8, and for 
A = 9 to 14 nuclei, with the use of (6-16) 2BME and 
(8-16) POT parameters respectively. Assuming Cohen and 
Kurath prefer these sets of interaction parameters, we 
quote their results with the use of (6-16) 2BME 
parameters for A = 6 to 8 nuclei, and with the use of 
(8-16) POT parameters for A = 9 nuclei.
Figures (1.4) to (1.7) compare the calculated and 
experimental excitation energies of levels in A = 6 to 9 
nuclei. Overall these figures show that our fits to 
excitation energies of levels are quite superior to those 
of Cohen and Kurath, while seem to be equally good as 
those of Barker. (Our fits seem better than those of 
Barker for A = 8 and 9 nuclei, while Barker's fit isg
better for A = 6 nuclei. In Li, our prediction is 
particularly worse for the 10 state, which is 
calculated to lie at E = 9.44 MeV. It was observedX
during the fitting procedure that the calculated 
excitation energy of this state always comes out higher 
than the experimental value. This may not be very
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F i f u r e  ( 1 . 4 )  : E n e r g y  l e v e l s  o f  Li  up t o  7 MeV 
e x c i t a t i o n  e n e r g y .  Col umn 1 shows t h e  e x p e r i m e n t a l  
e n e r g y  l e v e l s ,  c o l u mn  2 d i s p l a y s  t h e  l e v e l s  
c a l c u l a t e d  i n  t h e  p r e s e n t  s t u d y ,  w h i l e  c o l u mn s  3 
and 4 show t h e  e n e r g y  l e v e l s  c a l c u l a t e d  by B a r k e r  
and by Cohen and K u r a t h  r e s p e c t i v e l y .  L e v e l s  have 
been i d e n t i f i e d  by  JT v a l u e s .  E x c i t e d  l e v e l s  ( and 
t h e  g r o u n d  s t a t e )  w h i c h  have been f i t t e d  i n  t h e  
p r e s e n t  s t u d y  have been shown by t h i c k  l i n e s .
L e v e l s  w h i c h  a r e  known t o  b e l o n g  t o  ( o r  have  been 
i n d i c a t e d  t o  b e l o n g  t o )  n o n - n o r m a l  p a r i t y ,  have
n o t  been shown.
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F i g u r e  ( 1 . 5 ) :  En e r g y  l e v e l s  o f  ^ L i  up t o  12 
e x c i t a t i o n  e n e r g y .  For  o t h e r  
see c a p t i o n  o f  f i g u r e  ( 1 . 4 ) .
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F i g u r e  ( 1 , 6 ) : E n e r g y  l e v e l s  o f  Be up t o  t h e  41 
s t a t e .  For  d e t a i l s  o f  t h e  o m i t t e d  l e v e l s  a t  
h i g h e r  e x c i t a t i o n  e n e r g i e s  ( c a l c u l a t e d  i n  t h e  
p r e s e n t  s t u d y ) ,  see t a b l e  ( 1 . 1 0 )  i n  s e c t i o n  10;  
w h i l e  f o r  o t h e r  d e t a i l s ,  see c a p t i o n  o f  f i g u r e
( 1 . 4 ) .
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Figure ( 1 ,7) : Energy glevels of Be up to the
1 owes t 1/2 3/2 state. For details of the omitted
levels at higher excitation energies (calculated 
in the present study), see table (1.11) in 
section IG; while for other details, see 
caption of figure (1.4).
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serious as the experimental excitation energy of this 
state is also not well determined, as has already been 
discussed in comment b to table (1.2) in section 1C.) 
Noting that Barker has adjusted the values of interaction 
parameters to fit the data in nuclei of each A 
separately, our fits seem quite encouraging.
Figures (1.5) to (1.7) show the presence of more 
calculated levels at higher excitation energies than 
have been observed experimentally. it is quite possible 
that at higher excitation energies more levels of 
normal parity may be present, than have so far been 
observed. (See, for example, part II of this thesis 
where more normal parity levels are indicated to lie at
o
about 20 MeV excitation energies in Be. The properties 
of these levels seem to agree with the predictions of 
our shell model calculations.)
Since most of the normal parity levels with
reasonably certain assignments of spins in A = 6 to 9
nuclei have been used by various authors at the input
of their computations, it is probably worth comparing
the predictions on the positions of those levels which
have not been used by any of the authors in their fitting
1 1attempts. One such case is that of the /2 /2 level of
ABC
9Be which has very recently been observed by Macefield 
49 ) 5n )et al and by Chen et al to lie at E = (3.0±0.1)X
and (2.78±0,13) MeV respectively. It is interesting to
12 )note that Goldhammer et al have no theoretical
9counterpart for this level up to about E = 7  MeV in BeX
(i.e. the energy up to which Goldhammer et al have
reported their results for A = 9 nuclei), while Halbert 
15)et al predict this level to lie at about E = 8  MeV.X
(It may, however, be mentioned here that the fits of 
Goldhammer et al and of Halbert et al to other levels of 
the lp-shell nuclei seem quite reasonable, and are 
definitely not as bad as this prediction might indicate.) 
On the other hand, our parameter values predict this 
level at E = 3.25 MeV, in comparison to the predictionsX
of Barker and of Cohen-Kurath of E = 2.02 and 1.80 MeVx
respectively. The consideration of this prediction, and 
the fits shown in figures (1.4) to (1.7) seem to indicate 
that our parameter values give either equally good or 
somewhat better agreement to excitation energies of 
levels in A = 6 to 9 nuclei than the ones achieved by 
previous authors.
3. Fit to Ground State Binding Energies:
In view of the difficulties experienced by 
Goldhammer et al, and to some extent by Cohen and Kurath,
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in fitting the binding energies of the ground states of
the lighter nuclei of the 1-p shell, it is worth checking
whether the values of our interaction parameters have the
capability of fitting the binding energies of the ground
states of A = 6 to 9 nuclei. For doing this, we need to
include the contribution from the mq part (arising from
the kinetic energy part of the Hamiltonian and the ls-lp
interaction) which was omitted from the Hamiltonian
matrix elements. This part gives a constant diagonal
contribution to matrix elements of given m, the value
depending on m and with q as an unknown parameter. We
check the fit to ground state binding energies by
checking the constancy of q. If Ag defines the
10)experimental values of the ground state binding
4energies of A = 6 to 9 nuclei with respect to the He
core, then table (1.4) shows that the values of q which
make A = A . (where A , are the calculated values exp cal cal
of the ground state binding energies), come out approx­
imately constant. This presumably indicates that if the 
mq part had also been included initially, our set of 
interaction parameters would have fitted reasonably the 
binding energies of the ground states of A = 6 to 9
nuclei. Thus with the inclusion of the energy shifts
8 9of the ground state bands in Be and Be, we do not 
experience the same difficulty in fitting the ground
A 8 8
state binding energies of A = 8 and 9 nuclei as
12 )experienced by Goldhammer et al
Table (1.4); Table showing the values of q which are 
needed to fit the ground state binding energies of 
A = 6 to 9 nuclei. All quantities are in MeV.
Nucleus Aexp acal + mq q
6 Li 4.69 10.28 2.8
7Li 11.95 20.25 2.8
0)CQ
oo
30.84 42.45 2.9
9 Be 32.50 47.54 3.0
4. Tests of the Resultant Wave Functions:
As a check on the ability of our interaction 
parameters in explaining the observed properties of 
levels in A s 6 to 9 nuclei, we compare the predictions 
of our parameters with those of Cohen-Kurath and of 
Barker, for the channel spin ratio for the formation of 
the 17.64 MeV level of ^Be in the ^Li(p,y)^Be reaction, 
and for the excitation energy and width of the lowest 
T = 2 state of ^Be.
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We have taken particular interest in the channel
3 6)spin ratio as Macfarlane and French have shown that the
fitting of the channel spin ratio for the formation of the
17.64 MeV (JT=11) level of 8Be in the ^Li(p,y)^Be reaction
imposes some restrictions on the values of the odd state
matrix elements, i.e. the parameters ' ^3 ' ^4 an<^  ^10*
Further, noting that the channel spin ratio is
independent of the uncertain single-particle reduced 
2width 0q , it is a good quantity to test the resultant 
wave functions.
Two 1+ levels are observed at 17.64 and 18.15 MeV
excitation energies in ^Be and there is evidence^^ of
isospin mixing between these two levels. Thus for
calculating the channel spin ratio for the 17.64 MeV
level, we need to take account of this mixing.
8)Following Barker , we write the eigenfunctions for 
these levels as:
= °^ 0 + B'J'i
(1.39)
- oul^
2 2where a +3 =1/ and the suffixes o and 1 denote the
T values. üj and ib, stand for the 17.64 and the ra b
1 (1 818.15 MeV levels respectively. In the B(d,a) Be 
reaction, the measured yields for the 17.64 and the
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18.15 MeV levels are proportiona1^^^ to the intensities
7 6)of T = 0 components in these levels. Recent measurements
of this reaction give the yield ratio q (17',’6 4 )' ^  11/
giving ^  t t  . Barker^ has calculated the ratio of Ml 
3 11
widths from the 17.64 MeV level to the 16.63 and 16.93 MeVg
levels of Be and has fitted the experimental ratio with
a = 0.24 and 3 = 0.97. Barker has remarked that the other
solution with ct > 3 gives unacceptable values for other
quantities. So choosing the signs of a and 3 as obtained 
2 1
by Barker, ^  t t  gives a = 0.29 and 3 = 0.96.
3
7 8The available channel spins in the Li(p,y) Be 
reaction are 2 and 1, and the experimental value of the 
channel spin ratio, , for the 17.64 MeV level is 4.
Using the above obtained values of a and 3/ and the 
spectroscopic amplitudes Acalculated from the wave 
functions which accompany the different sets of
cj ( 2 )interaction parameters, the calculated values of 
are compared in table (1.5).
(
Since our set of interaction parameters is able to
fit reasonably the observed value for the channel spin
ratio for the formation of the 17.64 MeV level of ^Be,
the earlier mentioned observation of Macfarlane and 
3 R 1French would indicate that the values of some of our
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?2 / P3 / and m a t r i x  e l e me n t s  may be r e a s o n a b l y
w e l l  d e t e r m i n e d .  A n o t h e r  e v i d e n c e  o f  t h i s  comes f r om
o
t h e  w i d t h  o f  t he  l o w e s t  T = 2 s t a t e  o f  Be w h i c h  has
77)t e n t a t i v e l y  been o b s e r v e d  o n l y  r e c e n t l y .
The l o w e s t  T = 2 s t a t e  o f  8ße was p r e d i c t e d  by 
8 )Ba r k e r  f r o m  s h e l l  model  c a l c u l a t i o n s  t o  l i e  a t
27 . 1  MeV e x c i t a t i o n  e n e r g y .  Due t o  t h e  l a c k  o f  a
s u i t a b l e  t a r g e t ,  t h i s  s t a t e  has s t i l l  no t  been i d e n t i f i e d
i n an i s o - s p i n  a l l o w e d  r e a c t i o n .  Based on t h e  s u g g e s t i o n
7 8 )o f  B a r k e r  and Kumar , an anomal y  w i t h  a w i d t h  
T = ( 10+3)  KeV has been o b s e r v e d ^ ^  i n  ^ L i + d  r e a c t i o n s  
a t  E = 2 7 . 4 8  MeV i n  8Be.  T h i s  anomal y  has been
X
i n t e r p r e t e d  as b e i n g  due t o  t h e  i s o - s p i n  f o r b i d d e n
o
e x c i t a t i o n  o f  t h e  l o w e s t  T = 2 s t a t e  o f  Be.
Assumi ng  t h e  l o w e s t  T = 2 s t a t e  t o  be p u r e ,  and
o f  J = 0  (as i n d i c a t e d  by t h e  s h e l l  model
c a l c u l a t i o n s  o f  B a r k e r ) ,  t h e  o n l y  a l l o w e d  decays  f r om
t h i s  s t a t e  a r e  t o  l o we r  T = 1 and J f  0 s t a t e s  by y - r a y
e m i s s i o n ,  and a l l  p a r t i c l e  decays  a r e  f o r b i d d e n  by
5
i s o - s p i n  c o n s e r v a t i o n .  (The He+(2p)  decay  i s  i s o - s p i n  
a l l o w e d  b u t  seems t o  be i n h i b i t e d  by t h e  Coulomb
7 8 )b a r r i e r . )  Thus i t  was s u g g e s t e d  by Ba r k e r  and Kumar 
t h a t  t o  e x p l a i n  t h e  w i d t h  o f  such a s t a t e ,  one may have
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Table (1,5): Comparison of some observed and calculated 
quantities with the interactions ofvarious authors.
Proper ties
Exp
value
Present
study
Ba rker
Cohen-Ku rath
(8-16)POT (6-16)2BME
Channel spin 
0(2) ,
ratl° 7(T) for
the 17.64 M.eV 
level of ^Be
4 4.4 5.2 9.3 9.9
Lowest 
T = 2 
s täte 
of ^Be
Excit- 
a t i on 
energy 
E (MeV)X
27.48 27.16 27.1 27.99 26.94
width
I’(KeV) 10± 3 3.9 4.9 0.3 0.3
to include T = 0 and T = 1 admixtures. These admixtures 
can arise due to a charge dependent interaction, such as 
the Coulomb interaction. If ^ 2  represents the wave 
function of the pure T = 2 state in the absence of any 
Coulomb forces, than the actual wave function $Q2 f°r 
this state taking account of Coulomb forces in the first 
order perturbation theory, and neglecting T = 2, 3 and 4
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a d m i x t u r e s ,  can be w r i t t e n ' 7^  as :
<S>02 £ aTn ^0TV, ( n)
w i t h  a m p l i t u d e s
( 1 . 4 0 )
'Tn
l v Cou1- | ^ n ) >
E -  r  ( n )
02 b0T
( 1 . 4 1 )
The s u b s c r i p t s  be lo w 0 , * ' s and E ' s  r e p r e s e n t  t h e  JT
v a l u e s ,  t h e  i ndex  n r uns  o v e r  a l l  s t a t e s  o f  a p a r t i c u l a r
JT v a l u e ,  and E ' s  a r e  t h e  e n e r g i e s  o f  t h e  s t a t e s .  
i /Cou l .  .
I S  a Coulomb p o t e n t i a l  d e f i n e d  by:
o
v/Cou 1 . e n
4 d . U - X j U m i - T  ( j ) ]  - U -  ( 1 . 4 2 )
r ] j
where  e i s  t he  p r o t o n  c h a r g e ,  T j U )  = - 1  f o r  p r o t o n s  and
f o r  n e u t r o n s ,  and r . .  i s  t h e  r e l a t i v e  c o o r d i n a t e  o f  
t he  p a r t i c l e s  i and j .
To c a l c u l a t e  t h e  i n t e n s i t i e s  o f  T = 0 and T = 1 
a d m i x t u r e s  and t h u s  t o  c a l c u l a t e  t h e  w i d t h  o f  t he  T = 2 
s t a t e ,  one needs t o  e v a l u a t e  t h e  a m p l i t u d e s  c»Tn w h i c h  
depend on t he  o f f - d i a g o n a l  m a t r i x  e l e m e n t s  o f  t h e  
Coulomb i n t e r a c t i o n  and t h e  e n e r g y  d i f f e r e n c e s .  I t  has
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been shown by  B a r k e r  and Kumar  t h a t  b o t h ,  b e c a u s e  o f  i t s  
p r o x i m i t y ,  and l a r g e r  m a t r i x  e l e m e n t ,  t h e  t h i r d  JT = 00
g
s t a t e  o f  Be i s  e x p e c t e d  t o  be t h e  ma i n  a d m i x t u r e .  I t  
was o b s e r v e d  d u r i n g  t h i s  w o r k  t h a t  t h e  r e l a t i v e  
s e p a r a t i o n  o f  t h e  02 and 00 s t a t e s  o f  Be depends  
s e n s i t i v e l y  on t h e  v a l u e  o f  t h e  p a r a m e t e r  P^ q . Fo r  a l l  
t h e  t h r e e  s e t s  o f  i n t e r a c t i o n  p a r a m e t e r s  o f  Cohen and 
K u r a t h  [ ( 8 - 1 6 ) POT, ( 6 - 1 6 ) 2 BME and ( 8 - 1 6 ) 2BME] t h e  
m a g n i t u d e  o f  P^ q i s  v e r y  n e a r  t o  z e r o ,  g i v i n g  a s m a l l  
i n t e n s i t y  o f  a d m i x t u r e  and t h u s  a v e r y  s m a l l  v a l u e  f o r  
t h e  t o t a l  w i d t h  o f  t h i s  s t a t e .  I t  seems t h a t  t o  have  a 
l a r g e r  i n t e n s i t y  o f  a d m i x t u r e  f r o m  t h e  00 s t a t e ,  one 
needs a l a r g e r  v a l u e  f o r  , s omewher e  a r o u n d  3 t o  4 MeV.
Our  i n t e r a c t i o n ,  o b t a i n e d  by f i t t i n g  t h e  e x c i t a t i o n  
e n e r g i e s  o f  l e v e l s  i n  A = 6 t o  9 n u c l e i ,  p r e d i c t s  a 
v a l u e  o f  2 . 3 5  MeV f o r  P ^ q *
The c a l c u l a t e d  v a l u e s  f o r  t h e  t o t a l  w i d t h  o f  t h e
g
l o w e s t  T = 2 s t a t e  o f  Be by u s i n g  t h e  wave f u n c t i o n s  
c a l c u l a t e d  f r o m  t h e  s h e l l  model  c a l c u l a t i o n s  o f  B a r k e r ,  
C o h e n - K u r a t h  and o f  t h e  a u t h o r ,  a r e  compa r ed  i n  
t a b l e  ( 1 . 5 ) .  I t  i s  w o r t h  n o t i n g  f r o m  t h i s  t a b l e  t h a t  
t h e  p a r a m e t e r s  w h i c h  f i t  r e a s o n a b l y  w e l l  t h e  c h a n n e l  
s p i n  r a t i o  f o r  t h e  f o r m a t i o n  o f  t h e  1 7 . 6 4  MeV l e v e l  o f
g
Be,  f i t  a l s o  t o  some e x t e n t  t h e  w i d t h  o f  t h e  l o w e s t
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T = 2 s t a t e  o f  Be. T h i s  i s  i n t e r e s t i n g  p a r t i c u l a r l y  i n
7 C \
v i e w  o f  t h e  o b s e r v a t i o n s  o f  M a c f a r 1a n e - F r e n c h  and o f  
o u r ' s  ( i . e  t h e  f i t t i n g  o f  t h e  channe l  s p i n  r a t i o  f o r  t h e  
f o r m a t i o n  o f  t h e  17 .6 4  MeV l e v e l  o f  ^Be i n  t h e  ^ L i ( p , y ) ^ B e  
r e a c t i o n  imposes r e s t r i c t i o n s  on t h e  v a l u e s  o f  t h e  odd 
s t a t e  m a t r i x  e l e m e n t s ,  i . e .  t h e  p a r a m e t e r  v a l u e s  
^2 '  P3 '  P4 anc* Pi o  '  an<  ^ t h a t  t h e  f i t t i n g  o f  t he
g
w i d t h  o f  t h e  l o w e s t  T = 2 s t a t e  o f  Be imposes some 
r e s t r i c t i o n s  on t h e  v a l u e  o f  t h e  P^q m a t r i x  e l e m e n t ) .
Our f i t s  t o  c h ann e l  s p i n  r a t i o ,  and t h e  w i d t h  o f
g
t h e  l o w e s t  T = 2 s t a t e  o f  Be, seem t o  i n d i c a t e  t h a t  
some o f  o u r  o d d - s t a t e  m a t r i x  e l e m e n t s  a r e  e i t h e r  
e q u a l l y  w e l l ,  o r  b e t t e r  d e t e r m i n e d ,  t h a n  i n  t h e  s t u d i e s  
o f  p r e v i o u s  a u t h o r s .  F u r t h e r ,  t h e s e  f i t s  show t h a t  o u r  
wave f u n c t i o n s  have t h e  c a p a b i l i t y  o f  e x p l a i n i n g  some o f  
t h e  o b s e r v e d  p r o p e r t i e s  o f  l e v e l s  i n  t h e  n u c l e i  o f  
A = 6 t o  9, In t h e  end,  we a g a i n  n o t e  ( l i k e  f i t s  t o  
e x c i t a t i o n  e n e r g i e s  o f  l e v e l s )  t h a t  o u r  f i t s  t o  t he  
above m e n t i o n e d  o b s e r v a b l e  q u a n t i t i e s  a r e  o n l y  as good 
as t h o s e  o f  B a r k e r ,  w h i l e  seem q u i t e  s u p e r i o r  t o  t h o s e  
o f  Cohen and K u r a t h .
5 * Compar ison  o f  M a t r i x  E l emen ts  and S i n e l e - P a r t i c 1e 
Ener gy  S p 1 i 1 1 i n g s :
A f t e r  s e e i n g  t h a t  o u r  v a l u e s  f o r  t h e  i n t e r a c t i o n
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p a r a m e t e r s  a r e  a b l e  t o  f i t  t h e  e x c i t a t i o n  e n e r g i e s  o f
l e v e l s  and  some o f  t h e  o t h e r  o b s e r v a b l e  q u a n t i t i e s
e i t h e r  e q u a l l y  w e l l  o r  b e t t e r  t h a n  t h o s e  f i t t e d  by
p r e v i o u s  a u t h o r s ,  i t  i s  i n t e r e s t i n g  t o  s e e  how t h e
v a l u e s  o f  o u r  t w o - p a r t i c l e  m a t r i x  e l e m e n t s ,  and  t h e
c a l c u l a t e d  s i n g l e - p a r t i c l e  e n e r g i e s ,  c o mp a r e  w i t h  t h o s e
o b t a i n e d  by p r e v i o u s  a u t h o r s  f r om e f f e c t i v e  i n t e r a c t i o n
5 )c a l c u l a t i o n s  o f  t h e  Ta l mi  t y p e  , and  w i t h  t h e  o n e s
o b t a i n e d  by s t a r t i n g  f r o m f r e e  t w o - n u c l e o n  i n t e r a c t i o n s .
F i r s t l y  a s  a s a m p l e  c o m p a r i s o n  o f  o u r  m a t r i x  e l e m e n t s
w i t h  t h e  m a t r i x  e l e m e n t s  o f  t h e  d i f f e r e n t  a u t h o r s ,  who
h a v e  d e r i v e d  t h e  v a l u e s  o f  t h e i r  m a t r i x  e l e m e n t s  by
f i t t i n g  t h e  d a t a  o f  l p - s h e l l  n u c l e i ,  we c o mp a r e  o u r
m a t r i x  e l e m e n t s  w i t h  t h o s e  o f  C o h e n - K u r a t h  [ f o r
( 8 - 1 6 ) P OT  p a r a m e t e r s ]  and o f  Gol dhammer  e t  a l .
( Though  i n  t h e  b e g i n n i n g  we u s e d  t h e  f i n a l  p a r a m e t e r
v a l u e s  o f  C o h e n - K u r a t h  and o f  Gol dhammer  e t  a l  a s  good
s t a r t i n g  v a l u e s  o f  p a r a m e t e r s  i n  o u r  s t u d y ,  y e t  s u c h  a
c o m p a r i s o n  o f  o u r  m a t r i x  e l e m e n t s  w i t h  t h e  m a t r i x
e l e m e n t s  o f  t h e s e  a u t h o r s  may be  m e a n i n g f u l .  T h i s  i s
i n v i e w o f  t h e  i n c l u s i o n  o f  o u r  e n e r g y  s h i f t s  f o r  t h e
8 9g r o u n d  s t a t e  b a n d s  i n  Be and  B e . )
A c o m p a r i s o n  o f  o u r  m a t r i x  e l e m e n t s  w i t h  t h o s e  o f  
C o h e n - K u r a t h  and o f  Gol dhammer  e t  a l  i s  shown in
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f i g u r e  ( 1 . 8 ) /  f r o m  where  i t  i s  a p p a r e n t  t h a t  o v e r a l l  t he  
m a t r i x  e le m e n t s  o b t a i n e d  by d i f f e r e n t  a u t h o r s  a r e  i n  good 
r e s e mb l a n c e  w i t h  each o t h e r .  T h i s  r e s e mb l a n c e  i n d i c a t e s  
t h a t  o n l y  s l i g h t  changes a r e  needed in  t h e  v a l u e s  o f  t he  
m a t r i x  e l e m e n t s  t o  o b t a i n  b e t t e r  ag ree me nt  w i t h  
e x p e r i m e n t a l  d a t a ;  and t h a t  even a f t e r  t h e  i n c l u s i o n  o f
o
t h e  e n e r g y  s h i f t s  f o r  t h e  g r oun d  s t a t e  bands i n  Be and 
9
Be, we o b t a i n  m a t r i x  e l e m e n t s  w h i c h  a r e  v e r y  s i m i l a r  
t o  t h o s e  o f  t h e  o t h e r  a u t h o r s .  (The maximum d e v i a t i o n  
o f  v a l u e s  f o r  t h e  P-^q m a t r i x  e l e m e n t  i s  p r o b a b l y  n o t  
s u r p r i s i n g  i n  v i e w  o f  o u r  e a r l i e r  d i s c u s s i o n . )
Compar ison  o f  o u r  m a t r i x  e l e m e n t s  w i t h  t h o s e  o f  
C o h e n - K u r a t h  and o f  Goldhammer e t  a l  may a l s o  be made 
a f t e r  e x p r e s s i n g  t h e  t w o - p a r t i c l e  m a t r i x  e l e m e n t s  as a
9 R
l i n e a r  c o m b i n a t i o n  o f  t h r e e  p a r t s .  I f  we e x p r e s s  
o u r  g e n e r a l  i n t e r - p a r t i c l e  i n t e r a c t i o n  o p e r a t o r  as
V i j ( 1 . 4 3 )
wi  t h
V (K) (K) (K)  . (K)i j
( K ) ( K )where  T . j N i s a s c a l a r  i n  c h a r g e - s p a c e ,  and S..j and
( K)L . j  ' a re  t e n s o r  o p e r a t o r s  o f  r ank  K i n  s p i n  and o r b i t  
spaces r e s p e c t i v e l y ,  t h e n  t h e  t w o - p a r t i c l e  m a t r i x
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F!gu re (1.8): Comparison of the two-particle matrix 
elements of the effective interaction. Values of the 
matrix elements have been joined together to show their 
similarity more clearly. Matrix elements joined together 
by solid lines have been obtained in the present study, 
while the ones joined by dotted, and dotted-cum-dashed 
lines, are those of Cohen-Kurath and of Goldhammer et al 
respectively. The two-particle matrix elements have 
been grouped together according to (2S^+1 values, 
labelled as T.O.(Triplet Odd), S.E. (Singlet Even),
S.O. (Singlet Odd) and T.E. (Triplet Even)
respectively.
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2 6 )e l e m e n t s  P. ( i  = 1 , 1 1 )  may be e x p r e s s e d  as a sum o v e r
t h r e e  p a r t s  d e p e n d i n g  upon t h e  r an k  o f  K. Such a 
s e p a r a t i o n  o f  o u r  m a t r i x  e l e m e n t s  a c c o r d i n g  t o  t h e  r ank  
o f  K i s  shown i n  t a b l e  ( 1 . 6 ) .
F i g u r e s  ( 1 . 9 )  and ( 1 . 1 0 )  compare t h e  s e p a r a t e d
p a r t s  o f  o u r  m a t r i x  e l e m e n t s  w i t h  t h e  ones o f  Cohen-
K u r a t h  and o f  Goldhammer e t  a l .  These f i g u r e s ,  a l o n g
w i t h  t h e  f i g u r e  ( 1 . 8 ) ,  show t h a t  n o t  o n l y  t h e  t o t a l
v a l u e s  o f  t h e  m a t r i x  e l e m e n t s  a r e  i n  good r es e mb l an ce
w i t h  each o t h e r ,  b u t  a l s o  t h e  v a l u e s  o f  t h e  m a t r i x
e le m e n t s  s e p a r a t e d  a c c o r d i n g  t o  t h e  r an k  o f  K. C a l l i n g
t h e  K = 0, 1 and 2 components  as c e n t r a l ,  s p i n - o r b i t
and t e n s o r  components  r e s p e c t i v e l y ,  we n o t e  t h a t  t h e
c e n t r a l  components  d o m i n a t e  i n  m a g n i t u d e  as compared
t o  t h e  s p i n - o r b i t  and t e n s o r  c omponen ts .  T h i s  i s
p r o b a b l y  t h e  r ea s on  why t he  s i m p l e  s h e l l  model
c a l c u l a t i o n s  w i t h  t h e  i n c l u s i o n  o f  o n l y  t w o - b o d y
c e n t r a l  and o n e - b o d y  s p i n - o r b i t  f o r c e s  have been so 
8 )s u c c e s s f u l  . S i n c e  a l l  t h e  components  o f  o u r  m a t r i x  
e l e m e n t s ,  e x c e p t  t h e  K = 2 components  o f  t h e  Pg , 
and Pg m a t r i x  e l e m e n t s ,  a r e  i n  good r e s e m b l a n c e  w i t h  
t h o s e  o f  C o h e n - K u r a t h  and o f  Goldhammer e t  a l ;  we 
f e e l  t h a t  t h e  d i f f e r e n t  b e h a v i o u r  shown by o ur  
K = 2 components  may a l s o  be one o f  t h e
A l O O
Table (1.6): Contributions to the two-particle matrix 
elements separated according to the rank of K.
J2 T2 L2 S2
t i
L2 S2 Notation
Values of 
pa rameters 
(MeV)
K = 0 
(MeV) (MeV)
K = 2 
(MeV)
21 20 20 pi -3.60 -3.60 0 0
11 11 P2 0.27 0.38 -0.32 0.21
11 11 11 P3 -0.36 0.38 0.32 -1.06
01 11 11 P4 3.13 0.38 ' 0,64 2.11
00 00 P5 -5.84 -5.84 0 0
30 21 21 P6 -5.40 -5.58 -0.28 0.46
20 21 21 P7 -7.07 -5.58 0.14 -1.62
10 21 21 P8 -3.53 -5.58 0.42 1.62
01 01 P9 -9,77 -9.77 0 0
10 10 P10 2.35 2.35 0 0
21 01 P11 0.75 0 0 0.75
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F i g u r e  ( 1 . 9 ) ; C o m p a r i s o n  o f  t h e  K = 
o f  t h e  t w o - p a r t i c l e  m a t r i x  e l e m e n t s ,  
o f  f i g u r e  ( 1 . 8 )  f o r  d e t a i l s .
c o mp o n e n t s  
See c a p t i o n
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w
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F i g u r e  ( 1 . 1 0 ) : C o mp a r i s o n  o f  t h e  K = 
c o mp o n e n t s  o f  t h e  t w o ~ p a r t i c l e  m a t r i x
1 and 2 
e l e m e n t s
For  o t h e r  d e t a i l s ,  see c a p t i o n  o f  f i g u r e  ( 1 . 8 )
A3IM
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c o n t r i b u t i n g  f a c t o r s  i n  g i v i n g  b e t t e r  ag ree me nt  w i t h  
e x p e r i m e n t a l  d a t a .
C o h e n - K u r a t h 1^^ and C l a r k  and E l l i o t t 0 0  ^ have 
a t t e m p t e d  t o  d e r i v e  t h e  p r o p e r t i e s  o f  t h e  e f f e c t i v e  t wo -
I
body n u c l e a r  f o r c e s  f r o m  t h e  v a l u e s  o f  t h e  t w o - p a r t i c l e  
m a t r i x  e l e m e n t s  o b t a i n e d  by f i t t i n g  t h e  d a t a  o f  d i f f e r e n t  
n u c l e i /  and have compared t h e s e  p r o p e r t i e s  w i t h  t h e
1 6 )i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  Hamada- Johns ton  p o t e n t i a l  
S i n c e  o u r  m a t r i x  e l e m e n t s  a r e  r a t h e r  s i m i l a r  t o  t h o s e  o f  
Cohen and K u r a t h ,  we f e e l  t h a t  o u r  c o n c l u s i o n s  wo u l d  
m o s t l y  be t h e  same as a r r i v e d  a t  by t h e s e  a u t h o r s .  Thus 
we do n o t  a t t e m p t  t o  make such a c o m p a r i s o n .
A g a i n  as a samp le  c o m p a r i s o n ,  we compare o u r  m a t r i x
19)e l e m e n t s  i n  f i g u r e  ( 1 . 1 1 )  w i t h  t h e  ones o f  H u l l - S h a k i n
1 7 )and o f  B e c k e r - M a c k e l 1a r  who have o b t a i n e d  t h e  v a l u e s  
o f  t h e i r  t w o - p a r t i c l e  m a t r i x  e le m e n t s  by s t a r t i n g  f ro m 
t h e  Y a l e  and t h e  Hamada- Johns ton  p o t e n t i a l s  r e s p e c t i v e l y .  
We n o t e  w i t h  i n t e r e s t  t h e  s i m i l a r i t y  o f  o u r  m a t r i x  
e l e m e n t s  w i t h  t h o s e  o f  t h e s e  a u t h o r s .  In t h i s  
s i m i l a r i t y ,  we t a k e  p a r t i c u l a r  i n t e r e s t  i n  t h e  m a t r i x  
e l e m e n t s  Pß , P^ , Pg and P^q , w h i c h  we have d i s c u s s e d  
e a r l i e r  i n  some c o n t e x t  o r  t h e  o t h e r .  F i r s t l y ,  t a k i n g  
up t h e  f i r s t  t h r e e ,  we n o t e  t h a t  t h e  K = 2 components  o f
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Figure (1.11); Comparison of the two-particle matrix
elements of the effective interaction with the ones
obtained by starting from realistic interactions.
Values of the matrix elements connected by solid
lines have been obtained in the present study, while
the ones connected by dotted, and dot ted-cum-dashed
lines, are those of Hull-Shakin (for harmonic
oscillator size parameter b = 1.76 fm.) and of
-1Becker-Macke 11 ar (for a = 0.4 fm. , i.e. 
b = 1.77 fm.) respectively. For other details, 
see caption of figure (1.8). [Since Hull and 
Shakin have not quoted their value for the 
matrix element (notation of Hull-Shakin), we have 
assumed, = 0, for obtaining Hull and Shakin's
value for the Pp matrix element.]
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o u r  m a t r i x  e l e me n t s  have t he  same s i g n s  as t h o s e  o f
H u l l - S h a k i n  and o f  Be c k e r - M a c k e 11 a r . S e c o n d l y /  t h e
m a t r i x  e l e m e n t  P-^q i s  i n  more ag r eement  w i t h  t h e  ones
o f  H u l l - S h a k i n  and o f  B e c k e r - M a c k e l 1 a r ,  t h a n  i t  was w i t h
t h e  ones  o f  C o h e n - K u r a t h  o r  o f  Goldhammer  e t  a l .  These
s i m i l a r i t i e s  seem i n t e r e s t i n g  i n  v i e w  o f  t he  f o l l o w i n g
two p o i n t s .  In o u r  me t hod /  we l e a v e  o u r  r a d i a l  wave
f u n c t i o n s  u n d e f i n e d /  w h i l e  Becke r - Macke  11 a r  and
H u l l - S h a k i n  make use o f  h a r mo n i c  o s c i l l a t o r  wave
f u n c t i o n s  i n  t h e i r  t r e a t m e n t s .  F u r t h e r /  we have d e r i v e d
t h e  v a l u e s  o f  t h e  t w o - p a r t i c l e  m a t r i x  e l e me n t s  by
f i t t i n g  t h e  d a t a  o f  l p - s h e l l  n u c l e i /  w h i l e  Hu 11- S h a k i n
and B e c k e r - M a c k e 11 ar  have s t a r t e d  f r o m t he  i n f o r m a t i o n
g a t h e r e d  by f i t t i n g  t h e  f r e e  t w o - n u c l e o n  d a t a .  In t h e
end/  we n o t e  w i t h  i n t e r e s t  t h a t  a f t e r  t h e  i n c l u s i o n  o f
8 9t h e  e n e r g y  s h i f t s  i n  Be and Be, o u r  m a t r i x  e l e me n t s  
seem t o  come o u t  more i n  agr eement  w i t h  t h e  ones 
o b t a i n e d  ( f o r  b ^ l . 7 6  f m . )  by s t a r t i n g  f r o m t he  
r e a l i s t i c  i n t e r a c t i o n s .
As a l a s t  c o mp a r i s o n  o f  o u r  r e s u l t s  w i t h  t h o s e  o f
o t h e r  a u t h o r s /  we compare i n  t a b l e  ( 1 . 7 )  t h e  c a l c u l a t e d
s i n g l e - p a r t i c l e  e n e r g y  s p l i t t i n g s  ( l p ,  -  l p ^  )
/  2 /  2
c a l c u l a t e d  f r om t h e  p a r a me t e r  v a l u e s  o f  d i f f e r e n t
a u t h o r s /  and compare them w i t h  t he  e x p e r i m e n t a l l y  
2 2)  5e x p e c t e d  v a l u e  i n  He. Ag a i n  we n o t e  w i t h  i n t e r e s t
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T a b l e  ( 1 . 7 ) : C o m p a r i s o n  o f  c a l c u l a t e d  and e x p e r i m e n t a l  
s i n g l e - p a r t i c l e  e n e r g y  s p l i t t i n g s  ( 1 p - -  l p ,  ) .  A l l
/  2 bn
s p l i t t i n g s  a r e  i n  MeV.
Exp
v a l u e
P r e s -  
e n t  
s t u d y
Cohen- Ku  r a t h
G o l d -  
hammer 
e t  a 1
Hul  1-  
S h a k i n  
( b =
1 . 7 6  f m . )
B e c k e r -  
M.ackel  1 a r  
(b =
1 . 7 7  f m . )( 8 - 1 6 ) POT ( 6 - 1 6 ) 2  BME
4 3 . 9 9 1 . 29 0 . 6 4 2 . 20 3 . 3 9 2 . 3 9
( l i k e  m a t r i x  e l e m e n t s )  t h a t  o u r  c a l c u l a t e d  v a l u e  i s  mor e
*  )
i n  a g r e e m e n t  w i t h  t h e  ones  o b t a i n e d  by u s i n g  t h e  t w o -  
p a r t i c l e  m a t r i x  e l e m e n t s  o f  H u l l - S h a k i n  and o f  B e c k e r -  
M a c k e l l a r ,  t h a n  i t  i s  w i t h  t h e  ones  c a l c u l a t e d  by 
C o h e n - K u r a t h  o r  by Go l dhammer  e t  a l .
* )  I t  a p p e a r s  t h a t  e q u a t i o n  ( 6 )  i n  t h e  pa p e r  o f  H u l l  and 
S h a k i n  changes  s l i g h t l y  when one c a l c u l a t e s  " s i n g l e - h o l e  
e n e r g i e s .  U s i n g  t h e  n o t a t i o n s  o f  H u l l - S h a k i n ,  t h e i r  
e q u a t i o n  f o r  s i n g l e - h o l e  e n e r g i e s  may become:
e . . = \fi o j ( 2 n + £ + 3 / 2 ) +  t  -2 J * 1 ^  1  ^ [ ( j  k JT | V „ I j i c J T )
k JT  (2 j  +1)  e r t
( J k JTIV  f f I k j J T ) ] ( 1 . 4 4 )
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S e c t i o n  IG:  P r e d i c t i o n s
I t  has been shown i n  t h e  p r e v i o u s  s e c t i o n  t h a t  o u r  
v a l u e s  o f  t h e  i n t e r a c t i o n  p a r a m e t e r s  a r e  a b l e  t o  g i v e  
e i t h e r  e q u a l l y  good o r  b e t t e r  f i t s  t o  t h e  d a t a  o f  
A = 6 t o  9 n u c l e i  t h a n  t h e  ones  a c h i e v e d  by p r e v i o u s  
a u t h o r s .  I n v i e w  o f  t h e s e  f i t s ,  we have  used  t h e s e  
p a r a m e t e r  v a l u e s  t o  c a l c u l a t e  v a r i o u s  o b s e r v a b l e  
q u a n t i t i e s ,  some o f  w h i c h  we p r e s e n t  i n  t a b u l a r  f o r m s  
i n  t h i s  s e c t i o n .  I t  i s  hoped t h a t  some o f  t h e s e  
c a l c u l a t e d  q u a n t i t i e s  w o u l d  be o f  some h e l p  i n  t h e  
i n t e r p r e t a t i o n  o f  new e x p e r i m e n t a l  d a t a .  T a b l e s  ( 1 . 8 )  
t o  ( 1 . 1 1 )  g i v e  t h e  c a l c u l a t e d  e x c i t a t i o n  e n e r g i e s  and 
e i g e n f u n c t i o n s  ( s p e c i f i e d  by  t h e  c o e f f i c i e n t s  o f  t h e
2s + 1b a s i s  s t a t e s  r e p r e s e n t e d  by [A]  L v a l u e s )  o f  some 
l e v e l s  i n  t h e  n u c l e i  o f  A = 6 t o  9 ,  w h i l e  t a b l e s  ( 1 . 1 2 )  
t o  ( 1 . 1 6 )  p r e s e n t  t h e  c a l c u l a t e d  n u m e r i c a l  v a l u e s  o f  
some o t h e r  o b s e r v a b l e  q u a n t i t i e s  and  t h e i r  c o m p a r i s o n  
w i t h  some o f  t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s .
The c a l c u l a t e d  v a l u e s  n o t  r e p o r t e d  i n  t a b l e s  ( 1 . 1 2 )  t o  
( 1 . 1 6 )  may be e a s i l y  c o mpu t ed  by  u s i n g  o u r  wave f u n c t i o n s  
and t h e  a p p r o p r i a t e  f o r m u l a e  g i v e n  i n  s e c t i o n  I B.
A d e t a i l e d  c o m p a r i s o n  o f  o u r  c a l c u l a t e d  v a l u e s  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  c an  h e l p  i n  t h e  
i d e n t i f i c a t i o n  o f  new l e v e l s .  S i n c e  n o t  many new d a t a
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Table (1.9): Calculated excitation energies and eigen­
functions for levels in A = 7 nuclei.
JT E (MeV)X
?[3] 2[ 3 ] z F [21]2 P
3/2 X/2 0 0.981 -0.042
1/2 1/2 0.54 0.94 8 0.242
7/2 ln 4.44 0.961
sn 1/2 6.58 0.716
sn 1 * / 2 7.47 0,511
3/2 1 * /2 9.93 -0.097 -0,105
7/2 1 * /2 10.05 -0.276
1/2 1 * / 2 10.15 -0.020 0.673
3/2 3/2 11.06 0.834
5 / 2
* *
1 / 2 11.75 -0.288
1/2
* *
1/2 12.59 -0.254 0.456
3/2
**
/2 12.63 0.048 0.977
1/2 3/ 2 14 . 24 1.000
5/ 2 3/2 15.10* ■* *
3/ 2 X/2 15.99 0.100 -0.180* * *
5/ 2 X/2 16.20 -0.379
AHO
T a b l e  ( 1 . 9 )  c o n t i n u e d
[ 2 1 ] 2 n
4
[ 2 1 ] 4 P [ 2 1 ] 4 D [ 1 1 1 ] 2 s [ 1 1 1 ] 4 S
0 . 0 8 8 0 . 1 5 2 - 0 . 0 6 9
0 . 1 9 0 - 0 . 0 6 0 0 . 058
0 . 2 7 6
0 . 3 3 8 - 0 . 5 6 6 0 . 2 3 1
- 0 . 0 8 9 0 . 7 5 6 0 . 3 9 9
- 0 . 4 3 6 0 . 8 8 5 0 . 0 7 3
0 . 9 6 1
- 0 . 6 2 2 0 . 3 9 8 - 0 . 0 2 9
0 . 5 2 5 - 0 . 1 6 9
- 0 . 4 2 0 - 0 . 2 8 4 0 . 813
0 . 7 2 6 0 . 3 6 9 0 . 255
- 0 . 0 5 4 0 . 0 7 9 0 . 1 8 5
1 . 0 0 0
- 0 . 1 6 5 - 0 . 1 7 0 0 . 9 4 9
0 . 8 3 7 0 , 1 6 6 0 . 3 5 7
Al  11
T a b l e  ( 1 . 1 0 ) : C a l c u l a t e d  e n e r g i e s  and  e i g e n f u n c t i o n s  f o r
1o w - l y i n g s t a t e s  o f  A = 8 n u c l e i •
J T E (MeV)
X
[4]  b [31]  3 P [ 3 i ] 3 n
00 0 0 . 9 8 0 - 0 . 1 8 9
20 3 . 2 6 0 . 9 7 3 0 . 1 2 4 0 . 1 7 9
4 0 1 0 . 8 1 0 . 952
20* 16 . 76 - 0 . 0 3 4 0.  782 - 0 . 2 8 9
21 1 6 . 8 8 0 . 9 2 1 - 0 . 2 7 0
11 1 7 . 8 0 0 . 6 4 4 - 0 . 3 9 8
10 1 8 . 1 4 0 . 8 8 7 0 , 3 1 4
31 1 9 . 0 7 0 . 8 9 8
30 19 . 17 0 . 9 6 4
10* 1 9 . 5 8 - 0 . 3 6 1 0 . 9 0 4
40* 2 0 . 6 3 0 . 1 5 1
01 2 0 . 8 3 0 . 9 6 4-X 1—1CN1 2 0 . 9 3 0 . 3 0 2 0 . 8 8 7
20** 2 1 . 0 1 - 0 . 1 7 0 0 . 2 9 7 0 . 7 9 7
30* 2 1 . 0 2 - 0 . 2 5 4
11 2 1 , 1 6 - 0 . 6 2 3 - 0 . 079
* * *
20 2 2 . 0 1 0 . 0 5 3 - 0 . 4 8 1 0 . 1 1 2
21** 2 2 . 2 1 - 0 . 1 6 7 0 . 0 7 3
11** 2 2 . 6 2 0 . 2 6 5 0 . 8 4 7
41 2 2 . 6 7
*
00 2 3 . 6 5 0 . 1 3 5 0 . 826
31* 2 4 . 6 9 - 0 . 3 1 8
4 0^* 2 5 . 1 5 - 0 . 2 6 6
11*** 2 5 . 2 7 - 0 . 2 5 0 - 0 . 1 3 1
20 2 6 . 0 8 - 0 . 052 - 0 . 0 4 0 0 . 0 9 0
„ * * 00 2 6 . 2 4 0 . 0 5 8 0 . 103
* * 
31 2 6 . 3 1 0 . 0 4 0
02 2 7 . 1 6
A112
T a b l e  ( 1 , 1 0 )  c o n t i n u e d
[31] 3 F [ 3 i ]  ' b [ 2 2 ] 1J [ 2 2 ] 3 S [ 2 2 ] 3 D
- 0 . 0 5 3
- 0 . 0 6 1 0 . 0 2 2
0 . 3 0 6
0 . 0 1 0 - 0 . 1 0 6
0 . 0 0 4 0 . 2 1 5 - 0 . 1 4 1
0.  582 0 . 2 1 1 - 0 . 1 7 0
0 . 2 5 0 - 0 . 3 1 3 - 0 . 0 7 1
0 . 2 4 1
- 0 . 4 6 9
0 . 190 - 0 . 2 3 3 - 0 . 1 4 1
0 . 3 7 2 0 . 1 7 0
0 . 6 9 0
0.  731 - 0 . 2 0 1 0 . 1 2 0
0 . 0 6 0 0 . 2 8 5
0 . 5 6 9 0.  745 - 0 . 2 2 0
0 . 2 9 2 0 . 1 4 9 0 . 2 4 2
1 . 0 0 0
- 0 . 4 0 0
0 . 7 8 4 - 0 . 3 3 9 - 0 . 3 3 2
0 . 8 2 8
- 0 . 0 8 7 0 . 8 5 5 0 . 2 3 8
- 0 . 6 2 5 - 0 . 0 2 5
0 . 7 9 1
0 . 1 6 2 0 . 6 2 2
0 . 8 7 2
- 0 . 6 2 0
A113
T a b l e  ( 1 , 1 0 )  c o n t i n u e d
[22]  5S [ 2 2 ] 5D [ 2 1 1 ] 3 P [211]  1 P [ 2 1 1 ] 5 P
0 . 0 0 7 0 . 026
- 0 . 0 1 4 0 . 0 0 3 0 . 0 2 4
0 . 0 0 0
0 . 5 3 2 0 . 0 3 5 - 0 . 0 9 1
- 0 . 0 1 9 0 . 1 1 0
0 . 1 1 4 0 . 0 3 3 0 . 0 2 6
0 . 3 3 7 0 . 0 1 6
- 0 . 1 6 5
- 0 . 1 1 7
0 . 0 9 6 0 . 2 0 7
0 . 8 7 0
0 . 265
- 0 . 0 5 9 - 0 . 0 8 9
0 . 0 3 0 0 . 2 1 4 0 . 1 8 6
- 0 . 6 7 8
0 . 0 8 8 - 0 . 0 1 1 - 0 . 0 9 7
0 . 8 0 7 - 0 . 0 4 0 - 0 . 1 2 8
- 0 . 0 5 7 - 0 . 1 9 3
0 . 1 1 4 - 0 . 1 6 3 - 0 , 0 7 4
0 , 3 7 2 - 0 . 0 0 9
0 . 2 4 4
0 . 4 9 3
0 . 1 9 3 0 . 1 4 3 - 0 . 2 6 0
0 . 0 6 2 0 . 7 7 0 0 . 0 0 7
0 . 6 0 1 0 . 0 1 8
- 0 . 4 4 8
0 . 4 9 0
A114
Table (1.11): Calculated energies and eigenfunctions for 
low-lying levels of A = 9 nuclei.
JT E (MeV)
X
[41] 2 P [41] 2D
3/2 X/2 0 0.908 0.362
5/2 1/2 2.43 0.903
1/2 1/2 3.25 0.974
CNJX
r-s 1/2 6.65
3/2 l/2* 7.67 -0,339 0.888
5/2 1/2 9.09 0.324
1/2 1 * /2 10.28 0.105
3/ 2
* *
1/2 12.02 0.065 0.065
7/2 1/2 12.19
5/2
* *
/2 12 .31 0.194* * *
5/2 ln 13.54 0.038
3/2
•k -k -k
xn 14.22 -0.007 0.027
3/2 3/ 2 14.43
7/2
* *
1/ 2 14.4 5
1/2
* *
/2 15.52 0.008
1/2 3/2 16.65
3/2 1/2 17.01 0.089 -0.020
5/2 3 / 2 17.51
A115
T a b l e  ( 1 . 1 1 )  c o n t i n u e d
L
i-
C
sli—1
-3
- [ 4 1 ]  2 G [ 3 2 ] 2 P [ 3 2 ] 2 D [ 3 2 ] 2 F
0 , 0 4 3 - 0 , 1 2 0
- 0 . 3 4 2
- 0 . 0 7 6
0 . 1 1 3 0 . 0 8 9
0 . 8 8 1 0 . 4 1 5
- 0 . 1 8 5 - 0 . 0 4 3
0 . 1 1 5
0 . 9 0 7
0 . 2 3 7
- 0 . 0 7 0 - 0 . 0 5 3
0 . 3 3 8 - 0 . 2 3 0
0 . 0 5 0 0 . 1 2 7 - 0 . 1 7 7
0 . 0 8 0 0 . 2 2 3 - 0 . 0 1 4
0 . 0 3 3 - 0 . 2 8 9 - 0  . 2 3 5
0 . 5 8 0 0 . 3 5 2
0 . 8 8 9 - 0  . 1 5 1
- 0 . 3 6 9 0 . 7 8 3
0 . 9 0 1
0 . 2 8 7
0 . 8 5 0
- 0 , 5 8 0 0 . 2 3 0
0 , 9 6 1 0 . 2 0 8
A116
T a b l e  ( 1 . 1 1 )  c o n t i n u e d  , , , . .
[32]  4 P [ 3 2 ] 4 P 4[32]  f F [ 3 1 1 ] 2S [311]  2 D
- 0 . 1 2 6 0 . 0 1 7 0 . 0 0 3 - 0 . 0 1 9
- 0 . 1 7 5 - 0 . 0 6 2 - 0 . 0 3 3 - 0 . 0 2 3
- 0 . 1 1 1 0 . 1 4 9 0 . 0 5 3
- 0 . 0 7 9 0 . 0 3 8
- 0 . 0 0 9 - 0 . 1 6 4 - 0 . 0 7 1 - 0 . 0 2 2
- 0 . 0 9 9 - 0 . 1 8 5 - 0 . 0 6 9 0 . 1 1 4
0 . 9 1 9 0 . 031 0 . 2 7 3
0 . 8 7 5 0 . 0 4 1 - 0 . 1 4 0 0 . 031
0 . 9 3 5 - 0 . 1 8 7
0 . 8 6 5 0 . 3 2 6 - 0 . 1 1 5 0 . 1 7 7
- 0 . 2 7 1 0 . 7 2 7 - 0 . 4 6 1 0 . 0 0 3
- 0 . 0 3 2 - 0 . 5 6 6 0 . 3 1 3 - 0 . 1 0 5
0 , 2 0 3
0 . 0 0 2 0 . 2 8 9
- 0 . 2 5 7 0 . 0 7 4 0 . 0 9 3
- 0 . 2 3 0
0 . 4 0 0 - 0 . 1 4 9 0 , 4 9 4 0 . 0 2 6
0 . 082
Al  17
T a b l e  ( 1 . 1 1 )  c o n t i n u e d
[311]  4 S [ 3 1 1 ] 4 D [221]  2 P [ 2 21 ] 4 P [ 2 2 1 ] 6 P
- 0 . 0 9 7 0 . 0 4 0 0 . 0 2 3 - 0 . 0 1 7 - 0 . 0 0 5
0 . 1 0 4 0 . 0 2 2 0 . 0 1 4
0 . 0 7 7 0 . 0 2 6 - 0 . 0 2 5
- 0 . 1 7 4 0 . 0 2 1
0 . 1 2 1 0 . 1 0 3 - 0 . 0 2 1 0 . 0 4 8 - 0 . 0 2 1
0 . 0 0 4 0 . 0 3 8 0 . 0 0 6
0 . 0 1 9 - 0 . 0 1 2 0 . 1 1 2
0 . 1 3 5 0 . 005 - 0 . 0 5 0 0 . 0 5 3 - 0 . 1 1 3
- 0 . 0 0 2 0 . 1 9 9
0 . 0 2 4 - 0 . 0 5 7 - 0 . 0 5 4
0 . 1 1 0 - 0 . 0 4 3 0 . 1 7 3
- 0 . 0 7 8 0 . 2 8 0 0 . 0 2 6 0 . 1 0 7 0 . 1 1 0
- 0 . 3 1 2 - 0 . 1 8 0 0 . 005 - 0 . 1 2 9
0 . 2 6 6 0 . 1 1 7
0 . 2 3 7 - 0 . 1 9 5 - 0 . 1 1 5
- 0 . 4 2 0 - 0 . 0 5 7 - 0 . 2 1 1
- 0 . 3 7 1 0 . 0 1 1 - 0 . 1 6 3 0 . 0 9 8 - 0 . 0 4 3
- 0 . 1 0 9 0 . 1 1 9
A118
T a b l e  ( 1 . 1 2 ) ; V a l u e s  o f  l o g  f t  f o r  a l l o w e d  ß - d e c a y s  i n  
A = 6 t o  9 n u c l e i .
JT l o g  f t
Decay I n i t i a l
s t a t e
F i n a l
s t a t e C a l c , E x p .
5 H e ( | T ) 6 U 0 1 1 0 2 . 9 0 2 . 9 0
7 B e ( e ) 7 Li 3 1/  2 / 2 3 1V 2 / 2 3 . 2 9 3 . 3 0
3 1
* J 2  / 2
1 1/  2 / 2 3 . 5 5 3 , 5 4
8 L i ( (3~ ) 8 Be 2 1 2 0 5 , 1 9 5 . 62
T i  ( $ ~ ) 9 Be 3 / 2  3 / 2 3 /  2 1 / 2 5 . 4 8 5 . 5  ± 0 . 2
3 3
* 1 2  * / 2
5 1/ 2 1 / 2 4 . 8  0 4 . 7 ± 0 . 2
3 3
* 1 2  * 1 2
1 1 
1 / 2  1 / 2 5 . 6 1 5 . 2 ± 0 . 2 a)
9 C( ß+ ) 9 B 3 / 2 3 / 2 3 1 */ 2 / 2 5 . 4 7
3 3
/  2 / 2 5 1 ** 1 2  1 / 2 5 . 6 4
3 /  2 3 /  2 1 1 * 1 2  1 J 2 3 . 9 7
3 /  2 3 /  2 3 1 * ** 1 2  1 1 2 3 . 4 6
a ) r e f .  49.
T a b l e  ( 1 . 1 5 ) : M a g n e t i c  d i p o l e  moment s  f o r  t h e  g r o u n d  
s t a t e s  o f  A = 6 t o  9 n u c l e i .
N u c l e u s
y ( n . m. )
C a l c . E x p .
6 Li 0 . 8 5 9 0 . 8 2 2
7L i 3 . 1 4 3 . 2 6
8 L i 1 . 3 3 7 1 . 6 5 3
9 Be - 1 . 1 2 6 - 1 . 1 7 7
A119
T a b l e  (1 . 1 4 )  : C a l c u l a t e d  Ml  w i d t h s  f o r  some o f  t h e  e x c i t e d  
s t a t e s  o f  A = 6,  7 and 9 n u c l e i ,  and t h e i r  c o mp a r i s o n  
w i t h  t h e  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  f r o m e l e c t r o n  
s c a t t e r i n g  e x p e r i m e n t s .
1------------------
JT o f Ca 1 c Exp
Nuc l eus E x c i t e d
E ( 2 j + i ) r E ( 2 J + i ) rs t a t e
Y Y Y Y
(MeV) (eV) (MeV) (eV)
6, . L i 01 3 . 33 7. 1 3 . 56 ( 8 . 3 1 1 0 . 3 6 ? 5
20 4 . 54 0 . 002
21 5 . 68 4 . 1 5 . 7 0 . 9
10* 9 . 44 0 , 11
21* 10 . 22 22. 8
0 . 24 9 . 3 1511 11. 25
7 Li 1/ 2  1/ 2 0 . 54 0 . 016
5/ 2  1/ 2 6 . 58 0 . 86 Y b )
5 1 */ 2  / 2 7 . 47 0 . 17
> 6 . 9 3 . 6 D;
3 1 */  2 / 2 9 . 9 3 2 . 7 A
1 1 * 7 2  *72 10 . 15 2. 5 l  10. 5 38
3 / 2  3 / 2 11 . 06 4 . 25 f
9 Be 5 1/ 2 7 2 2. 43 0 . 4 1 2. 4 0 . 72
1 1 i / 2  i / 2 3 . 25 1. 96 3 . 0 ( 0 . 8 ± 0 . 4 ) c ;
3 1 *7 2  7 2 7 . 67 8 . 7
5 1 *7 2  / 2 9 . 09 1 . 5
1 1 * 7 2  / 2 10 . 28 4 . 3
a)  r e f . 81.  c )  r e f ,  49.
8 2 )b)  T e n t a t i v e  r e s u l t s  o f  B r a m b l e t t  g i v e  t h e  v a l u e
( 0 . 2 4  t o  0 . 7 2 )  eV f o r  a t r a n s i t i o n  f r o m t h e  7 . 47  MeV 
s t a t e .
Al 2 0
Table (1.15); Single-nucleon transfer spectroscopic
factors ^ 5 . •°c
JT of 'Sc
Reaction residual
Calc. Exp.nucleus
7Li (d/t)6 Li 10 0.77 0.80
(pickup) 30 0.62 0,60
01 0.29 0.18
20 0.08
21 0.18 0.14
10* 0.02
21* 0.03
 ^L i (d, p ) ^  L i 3/2 1/2 0 . 77 0,80
(stripping) 1 1 / 2 /2 1.07 1.05
5/2 1/2 0.32
5 1 *D/2 i/2 0.35 0.67
3 1 *
d / 2  1 / 2 0.60
1 1 / 2 /2 0.54
^Li(d,p)  ^Li 21 1.00 0.88
(stripping) ' 11 0.43 0.47
31 0.31 0.25
9 8Be ( p, d ) Be 00 0.56 0.40
(pickup)
A121
Table ( I ,16): Calculated two-nucleon transfer
•k )spectroscopic factors
A(JT)
(T2S2 L2J2 }
(A- 2 ) ( J. T ) -
[0101) (0121) (0122) (0123) (1000) (1022)
8(00) 6(10) 1.696 0.001
6(30) 0.846
6(01) 1.512
6(20) 0.309
8(20) 6(10) 0.001 0.109 0.342 0.708
6(30) 0.718 0.003 0.079 0.327
6(01) 1.115
6(20) 0.313 0.033 0.057 0.079
8(40) 6(10) 0.012
6(30) 0.000 0.383 0.679 0.598
6(20) 0.185 0.679
8(20*) 6(10) 0.522 0,037 0.002 0.057
6(30) 0.061 0.001 0.263 1.054
6(20) 0.001 0.047 0.022 0,263
8(21) 6(10) 0.085
6(30) 0.618
6(01) 0.017 0.042
6(20) 0.018 0.218
* • • • • Continued
Al  2 2
T a b l e  ( 1 . 1 6 ) :  c o n t i n u e d
C
N
C
D 1 / 2  ) 7 ( 3 / 2 1 / 2 ) 0 . 0 3 8 0 . 0 3 7 0 . 0 2 8 0 , 3 6 2 0 . 0 8 7 0 . 6 1 5
7 ( 1 /  2 1 /  2 ) 0 . 1 5 9 0 . 0 5 5 0 . 1 6 9 0 . 0 7 0
7 t 7 /  2 1 / 2 ) 0 , 0 0 4 0 , 5 9 2 0 . 2 5 8
7 < 5 /  2 1 / 2 ) 0 . 2 9 7 0 . 0 0 3 0 , 0 4 9 0 , 2 1 1 0 . 2 8 1
7 ( 5 / 2 X / 2 * ) 0 . 5 8 9 0 . 0 0 0 0 . 1 6 3 0 , 1 1 1 0 . 0 1 3
9 ( 5 / 2 1 / 2 ) 7 ( 3 / 2 1 / 2 ) 0 . 0 2 8 0 . 0 0 1 0 . 0 4 4 0 , 4 5 9 0 . 1 9 4
7 ( 1 / 2 1 / 2  ) 0 . 0 8 8 0 , 1 5 1 0 . 2 7 8
7 (  7 /  2 1 / 2 ) 0 . 2 3 2 0 . 0 0 9 0 . 0 7 0 0 . 2 1 2 0 . 6 6 0
7 C 5 / 2 1 / 2  ) 0 . 1 3 4 0 . 0 0 3 0 . 2 5 5 0 . 1 4 4 0 . 1 8 1 0 . 0 0 4
7 ( 5 / 2 X / 2 * ) 0 . 0 2 5 0 . 0 9 4 0 . 0 8 6 0 . 4 7 4 0 . 0 0 2 0 . 0 2 8
CNJ
1—
1CD 1 / 2 ) 7 ( 3 /  2 1 / 2 ) 0 . 0 0 7 0 . 0 5 7 0 . 5 0 3 0 . 7 7 6
7 ( 1 /  2 1 / 2 ) 0 . 0 1 4 0 . 2 0 4 0 . 0 7 0
7 ( 7 /  2 1 / 2 ) 0 . 3 1 0
7 ( 5 / 2 1 / 2 ) 0 . 0 0 4 0 . 0 7 6 0 . 0 9 9
7 ( 5 / 2 1 / 2 * ) 0 . 0 0 3 0 . 0 2 5 0 . 1 9 8
9 ( 7 /  2 1 / 2 ) 7 C 3 /  2 1 / 2 ) 0 . 0 8 3 0 . 1 8 0 0 . 3 7 4
7 C 1 / 2 1 / 2 ) 0 . 0 8 0
7 ( 7 /  2 1 / 2 ) 0 , 1 7 8 0 . 0 3 8 0 . 1 5 4 0 . 3 3 1 0 . 5 9 1 0 . 0 0 5
7 ( 5 /  2 1 /  2 ) 0 . 1 6 5 0 . 2 3 6 0 . 1 3 7 0 . 0 0 2 0 . 3 3 2
7 ( 5 / 2 1 / 2 * ) 0 . 0 8 0 0 , 0 8 2 0 . 1 9 3 0 . 3 7 6 0 . 0 1 4
* )  To o b t a i n  s p e c t r o s c o p i c  f a c t o r s  S c ( T 2 , $ 2  / I_2 / J  ^  ^ f ° r 
any  p a r t i c u l a r  r e a c t i o n ,  m u l t i p l y  t h e  number s  i n  c o l u mn s  
3 t o  8 by ( T T 2 My M y - My | T  M y ) ^ .  For  s e l e c t i n g  t h e  p o s s i b l e  
number s  f o r  t h e  t r a n s f e r  o f  t w o - n u c l e o n  p a i r s  c o n s i s t i n g  o f  
t wo n e u t r o n s ,  t wo p r o t o n s  e t c . ,  use  t h e  s e l e c t i o n  r u l e s  
l i s t e d  by G1e n d e n n i n g ^ ^ ,
A123
have become available for the nuclei of A = 6 to 9 after 
Barker's exhaustive study , we consider only one isolated 
case. In this case, our predictions for the excitation 
energies of levels are somewhat different than those of 
Barker, and help in tentatively identifying a level.
The Nucleus  ^Li :
r  r
In the Li(e,e') Li experiment at 180°, three peaks 
with strong Ml transition strengths are observed at 
9.3, 14.0 and 15.8 MeV. Barker has observed that only 
two levels (01 and 21 ) with strong Ml transition 
strengths are predicted in their vicinity at E = 10.31X0
and 7.80 MeV in Li, and that no reasonable set of
* ^parameter values can give the 01 and 21 levels as high 
as 14 MeV. Further, Barker has pointed out that to make
the 01 level appear at 9.3 MeV with ( 2 J + l ) r  = 15eVY
(the experimental value), one has to use rather extreme 
parameter values. Since the 21 level can be made to
lie at 9.3 MeV with (2J + D T  = 15eV with a moreY
reasonable set of interaction parameters, the observations 
of Barker may suggest that the 9.3 MeV peak may be 
attributed to the 21 level. It is interesting to note 
from our table (1.8) that our interaction predicts the 
01 level at 17.18 MeV excitation energy in ^Li, thus 
further excluding the possibility of its identification
A l  2 4
w i t h  t h e  9 . 3  MeV p e a k .  I t  w i l l  p r o b a b l y  be mor e  e a s y  now 
t o  i d e n t i f y  i t  w i t h  e i t h e r  o f  t h e  peaks  o b s e r v e d  a t  1 4 . 0  
and 1 5 . 8  MeV. F u r t h e r ,  o u r  i n t e r a c t i o n  p r e d i c t s  t h e  21 
l e v e l  a t  E = 1 0 . 2 2  MeV i n  ^ L i , and i t s  Ml  w i d t h  ( a f t e r
X
a d j u s t m e n t  o f  t h e  c a l c u l a t e d  e n e r g y  w i t h  t h e  e x p e r i m e n t a l  
o ne )  a g r e e s  r e a s o n a b l y  w e l l  [ s ee  t a b l e  ( 1 . 1 4 ) ]  w i t h  t h e  
o b s e r v e d  v a l u e  f o r  t h e  9 . 3  MeV pe a k .  Thus o u r  i n t e r a c t i o n  
seems t o  s u g g e s t  t e n t a t i v e l y  t h a t  t h e  9 . 3  MeV peak  
o b s e r v e d  i n  t h e  L i ( e , e ' )  Li  d a t a  may be due t o  t h e  21 
1e v e l .
C o n c l u s i o n s :
A p p a r e n t l y  we have  been s u c c e s s f u l  i n  r e m o v i n g  t h e
d i f f i c u l t i e s  w h i c h  many a u t h o r s  have e x p e r i e n c e d  when
t r y i n g  t o  f i t  t h e  e n e r g y  l e v e l s  o f  t h e  l i g h t e r  n u c l e i
o f  t h e  l p - s h e l 1 ( s e e  s e c t i o n  I A ) .  The g r o u n d  s t a t e  
8 9bands o f  Be and Be a r e  s h i f t e d  due t o  t h e  d e f o r m a t i o n
6 9)o f  t h e  n u c l e a r  s hap e  and when we i n t r o d u c e  t h e s e  
s h i f t s  p h e n o m e n o l o g i c a l l y ,  t h r o u g h  t h e  p a r a m e t e r s  
and r e s p e c t i v e l y ,  we a r e  a b l e  t o  f i t  t h e  e x c i t a t i o n
s p e c t r a ,  b i n d i n g  e n e r g i e s ,  e t c .  o f  a l l  t h e  n u c l e i  i n  
t h e  mass number  r a n g e  o f  6 t o  9 by u s i n g  j u s t  one s e t  
o f  i n t e r a c t i o n  p a r a m e t e r s .  The c o r r e c t n e s s  o f  t h e  
p r o c e d u r e  seems t o  be c o n f i r m e d  by t h e  f a c t  t h a t  t h e  
q u a l i t y  o f  t h e  f i t  t o  t h e  d a t a  i s  as good a s ,  o r  b e t t e r
Al 2 5
than that of the other authors, and the interaction 
parameters which give the best fit, bear a close 
resemblance to those of the other authors and with 
those derived by starting from the realistic interactions.
The quality of our fit indicates that the low-lying
states of the lighter nuclei of the lp-shel1 are
4 mdominated by the Is lp configuration to such an extent 
that the neglect of all other configurations seems to be 
justified to a very large extent. Numerous level 
positions and their properties have been predicted, 
which can serve as a help to experimentalists in the 
interpretation of their experimental data.
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P A R T  I I
S t a t e s  o f 8 Be f r o m  t h e  A n a l y s i s  o f ^ L i ( p,  a ) ^He R e a c t i o n
Da ta  up t o  7 MeV P r o t o n  E n e r g i e s
Section I1A: Introduction
During our study of the structure of lp-shel1 nuclei 
we faced difficulty in fitting simultaneously the 
excitation energies of A = 6 to 9 nuclei. Similar 
difficulties had previously been experienced by many 
other authors as explained in part I of this thesis.
It was thought that if more experimental information 
could be obtained on the energy levels of A = C to 9 
nuclei, this additional information could then also be 
used in investigating the cause of this difficulty and 
for obtaining an effective interaction for the lighter 
nuclei of the lp-shel1. One way of obtaining some 
additional information is to analyse the recent 
experimental data of the ^Li(p,a)^He reaction.
7 4The Li(p,a) He reaction goes through the formation 
of the °Be compound nucleus and its analysis gives 
information about the a-emitting states lying at about
o
20 MeV excitation energy in °Be. The energy level
8 1) diagram of Be, as taken from a recent compilation
of energy levels in light nuclei and showing some of
the relevant information in the region of study, is
given in figure (II.1). In the ^Li(p,a)^He reaction,
the final system is composed of two identical alpha
particles which are spinless. The wave function of
B2
F i g u r e  ( 1 1 . 1 ) : F i g u r e  t a k e n  f r o m  a r e c e n t  c o m p i l a t i o n " ^  
o f  e n e r g y  l e v e l s  i n  l i g h t  n u c l e i  shows t h e  even  s p i n
g
and p o s i t i v e  p a r i t y  s t a t e s  o f  °Be up t o  a b o u t  25 MeV 
e x c i t a t i o n  e n e r g y .  The o p e n i n g  o f  v a r i o u s  t w o - p a r t i c l e  
c h a n n e l s  and t h e  t o t a l  c r o s s - s e c t i o n  c u r v e  o f  t h e  
^ L i ( p , a ) ^ H e  r e a c t i o n  a r e  a l s o  d i s p l a y e d .  No t e  t h a t  
some o f  t h e  a s s i g n m e n t s  o f  l e v e l s  above  17 MeV
e x c i t a t i o n  e n e r g y  a r e  bas ed  on t h e  a n a l y s e s  o f
7 4 6 4L i C p / a )  He and L i ( d , a )  He r e a c t i o n s  and a r e  now
u n c e r t a i n .  For  r e a s o n s  o f  t h e  u n c e r t a i n t y  a r i s i n g
f r o m  t h e  p r e v i o u s  a n a l y s e s  o f  t h e  ^ L i ( p,  o i)  S i e  r e a c t i o n ,
see s e c t i o n  I ID o f  t h i s  t h e s i s .  The p a r a m e t e r s  o f
2 )Fr eeman and Mani  o b t a i n e d  f r o m  t h e  a n a l y s i s  o f  t h e
6 4u n p o l a r i z e d  d a t a  o f  t h e  L i ( d , a )  He r e a c t i o n ,  w h i c h  a r e  
r e s p o n s i b l e  f o r  some o f  t h e  a s s i g n m e n t s  i n  t h e  f i g u r e ,  
now do n o t  f i t ^  t h e  p o l a r i z a t i o n  d a t a  o f  t h i s  r e a c t i o n .  
The same u n p o l a r i z e d  d a t a ,  as f i t t e d  by Fr eeman and 
M a n i ,  can now a l s o  be f i t t e d ^  by o t h e r  c o m b i n a t i o n s  o f
1e v e l s .
9.0
22.28
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t h i s  sys tem i s  s y m m e t r i c  ( i . e .  t h e  i n t e r c h a n g e  o f  t h e s e  
p a r t i c l e s  w h i c h  amounts t o  t h e  i n t e r c h a n g e  o f  an even 
number o f  i d e n t i c a l  n u c l e o n s ,  l e a v e s  t h e  wave f u n c t i o n  
o f  t h e  f i n a l  s y s t e m ,  and i t s  s i g n ,  u n c h a n g e d ) .  T h i s  
means t h a t  t h e  p a r i t y  o f  t h e  f i n a l  sys tem must  be 
p o s i t i v e .  To have p o s i t i v e  p a r i t y ,  t h e  r e l a t i v e  m o t i o n  
o f  two a l p h a s  must  have even o r b i t a l  a n g u l a r  momentum. 
S i n c e  t h e  a l p h a  p a r t i c l e s  a r e  s p i n l e s s ,  t h e  r e l a t i v e  
m o t i o n  o f  t h e s e  a l p h a s  must  a l s o  have even a n g u l a r  
momentum. The c o n s e r v a t i o n s  o f  a n g u l a r  momentum and
g
p a r i t y  t hen  r e q u i r e  t h a t  o n l y  t h o s e  l e v e l s  o f  °Be can 
b r e a k  up i n t o  two a - p a r t i c l e s  w h i c h  have even a n g u l a r  
momentum and p o s i t i v e  p a r i t y .  T h i s  t he n  l i m i t s  t h e  
number o f  s t a t e s  w h i c h  can be r eached  t h r o u g h  t h i s  
r e a c t i o n  and s i m p l i f i e s  t h e  a n a l y s i s  t o  some e x t e n t .
T h i s  r e a c t i o n ,  w h i c h  happens t o  be one o f  t h e  f i r s t
r e a c t i o n s  s t u d i e d  by means o f  an a c c e l e r a t o r ,  has been
s t u d i e d  e x t e n s i v e l y  o v e r  t h e  y e a r s  b o t h  by t h e  use o f
u n p o l a r i z e d  and p o l a r i z e d  p r o t o n s .  Most
o f  t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  in t h e s e  s t u d i e s  a r e
c o n s i s t e n t  e x c e p t  f o r  t h e  measurements  o f  a b s o l u t e
c r o s s - s e c t i o n  o f  t h i s  r e a c t i o n ,  some o f  w h i c h  d i f f e r
f r o m  each o t h e r  by a f a c t o r  o f  a b o u t  7. Many t h e o r e t i c a l  
2 17- 21)a n a l y s e s  '  have been a t t e m p t e d  t o  e x p l a i n  t h e  d a t a
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o f  t h i s  r e a c t i o n  b u t  none o f  them a p p ea r s  t o  be a d e q u a t e  
enough t o  e x p l a i n  t h e  new e x p e r i m e n t a l  d a t a  o v e r  a l o n g  
e n e r g y  r a n g e .  The r e s u l t s  f r o m  t h e s e  a n a l y s e s  a r e  n o t  
c o n s i s t e n t  w i t h  each o t h e r ,  A new t h e o r e t i c a l  a t t e m p t  
aimed a t  e x p l a i n i n g  t h e  e x p e r i m e n t a l  d a t a  o f  t h i s  
r e a c t i o n  i s  needed t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  l e v e l s
g
o f  Be l y i n g  a t  a b o u t  20 MeV e x c i t a t i o n  e n e r g y .  The 
o b t a i n e d  i n f o r m a t i o n  can be used e i t h e r  as i n p u t  i n  s h e l l  
model  c a l c u l a t i o n s ,  o r  f o r  c o m p a r i n g  i t  w i t h  t h e  
p r e d i c t i o n s  o f  s h e l l  model  c a l c u l a t i o n s .  However  t h e  
p r e s e n t  a n a l y s i s  p r o ve d  t o  be q u i t e  l e n g t h y ,  and so ,  
because o f  l i m i t a t i o n s  o f  t i m e  t h e  i n f o r m a t i o n  o b t a i n e d  
c o u l d  n o t  be used a t  t h e  i n p u t  o f  t h e  s h e l l  model  
c a l c u l a t i o n s .  R a t h e r  t h e  reduced  w i d t h  a m p l i t u d e s  f o r  
n u c l e o n  c h a n n e l s  as o b t a i n e d  f r o m  t h e  p r e d i c t i o n s  o f  
s h e l l  model  c a l c u l a t i o n s  were  used as s t a r t i n g  v a l u e s  
o f  p a r a m e t e r s  in  t h i s  a n a l y s i s .
The d i f f e r e n t i a l  c r o s s - s e c t i o n s  o f  t h i s  r e a c t i o n  
u s i n g  u n p o l a r i z e d  and p o l a r i z e d  beams o f  p r o t o n s  have 
been measured up t o  a b o u t  12 MeV p r o t o n  e n e r g i e s .  The 
t o t a l  c r o s s - s e c t i o n  c u r v e  o f  t h i s  r e a c t i o n  seems t o  be 
d o m i n a t e d  by two peaks l y i n g  a t  3 . 0  and 5 .6  MeV. To 
d e t e r m i n e  t h e  p r o p e r t i e s  o f  l e v e l s  c o n t r i b u t i n g  t o  
t h e s e  two peaks ,  we have a t t e m p t e d  t o  a n a l y s e  t h e  d a t a
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o f  t h i s  r e a c t i o n  up t o  7 MeV. The s o u r c e s  f r o m  w h i c h  t h e  
e x p e r i m e n t a l  d a t a  o f  t h i s  r e a c t i o n  have been t a k e n  a r e  
m e n t i o n e d  i n  s e c t i o n  M B .  The g e n e r a l  f o r m u l a e  needed 
f o r  t h i s  a n a l y s i s ,  as t a k e n  f r o m  l i t e r a t u r e ,  have been 
r e du ce d  t o  a f o r m  s u i t a b l e  f o r  t h i s  s t u d y  and a r e  g i v e n  
i n  s e c t i o n  I 1C. A summary o f  t h e  r e s u l t s  o b t a i n e d  f r om  
p r e v i o u s  a n a l y s e s  can be f o u n d  i n  s e c t i o n  I ID.  The 
g e n e r a l  f l o w - c h a r t  o f  t h e  c o m pu t e r  p r ogr am w h i c h  we have 
w r i t t e n  f o r  t h i s  s t u d y  i s  g i v e n  in s e c t i o n  M E ,  and t h e  
r e s u l t s  o b t a i n e d  f r om  t h e  p r e s e n t  a n a l y s i s  a r e  d i s c u s s e d  
i n  s e c t i o n  I I F .
S e c t i o n  I I P :  E x p e r i m e n t a l  Da t a
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d öThe d i f f e r e n t i a l  c r o s s - s e c t i o n  ( “77:) f o r  a r e a c t i o ndu  p
i n i t i a t e d  by a beam o f  p a r t i c l e s  w i t h  p o l a r i z a t i o n
p e r p e n d i c u l a r  t o  t h e  beam d i r e c t i o n  i s  g i v e n 14) by
a f t ; p
( da.)
dfl o 1 + P, P ( 0 )  cos (j> b a ( I I . 1 )
w h e r e  0 i s  t h e  r e a c t i o n  a n g l e  and <j> i s  t h e  a z i m u t h a l
a n g l e  b e t we e n  t h e  n o r ma l  t o  t h e  r e a c t i o n  p l a n e  and t h e
p o l a r i z a t i o n  d i r e c t i o n  d e f i n e d  a c c o r d i n g  t o  t h e  Base l  
2 2 )s i g n  c o n v e n t i o n  . B o t h  0 and <j> a r e  i n  t h e  c e n t e r - o f -
mass s y s t e m .  P ( 0 )  ' s t h e  p o l a r i z a t i o n  e f f i c i e n c y
( o r  t h e  a n a l y s i n g  p o w e r )  o f  t h e  r e a c t i o n  and ( ^ ) Q i s
t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  when t h e  r e a c t i o n  i s
i n i t i a t e d  by  an u n p o l a r i z e d  beam.  P ( 0 )  may be
0
c a l c u l a t e d  f r o m  e x p e r i m e n t a l  me a s u r e me n t s  o f  ( ^ ) p and
( t ?-) . F u r t h e r ,  t h e  t o t a l  c r o s s - s e c t i o n ,  o .  . , and t h edQ, o t o t
n o r m a l i s e d  a n g u l a r  d i s t r i b u t i o n ,  W ( 0 ) ,  may be e v a l u a t e d
w i t h  t h e  a i d  o f  (7 —) by u s i n g  t h e  r e l a t i o ndfi o
( — )
a.  . W ( 0 ) t o t  o
4 TT
( I i . 2 )
and t h e  n o r m a l i s a t i o n  c o n d i t i o n
f  W ( 0 ) d ^  o 4 7T
( I I . 3 )
So o b t a i n e d  W ( 0 )  and P ( 0 )  can be e x p r e s s e d  a s :  o a
W ( 0 )  = o Z B , P. ( cos  0 ) L=0 L L
( I t  . 4 )
P ( 0 )  a W (0 ) . A L PL (cOS 6 } ( 1 1 . 5 )
w h e r e  and a r e  e n e r g y  d e p e n d e n t  c o e f f i c i e n t s  
w i t h  B = 1.  L i s  t h e  o r d e r  o f  t h e  L e g e n d r e  
p o l y n o m i a l s  P^Ccos 0 ) .
7 4I n t h e  p a r t i c u l a r  c a s e  o f  t h e  L i ( p , a )  He
r e a c t i o n ,  b e c a u s e  t h e  o u t g o i n g  a l p h a s  a r e  i d e n t i c a l ,
( 4 “ ) i s  i n v a r i a n t  u n d e r  t h e  t  r a n s f  orma t  i on d p
0 tt — 0 , <j> -► <J> + t t . T h i s  r e q u i r e s  t h e  a p p e a r a n c e  
o f  and c o e f f i c i e n t s  w i t h  L = even  v a l u e s  o n l y .
E x p e r i m e n t a l  d a t a  f o r  t h e  ^ L i ( p , a ) ^ H e  r e a c t i o n  
hav e  been o b t a i n e d  by v a r i o u s  g r o u p s  o f  w o r k e r s  by 
p e r f o r m i n g  t h r e e  d i f f e r e n t  k i n d s  o f  e x p e r i m e n t s  i n  
d i f f e r e n t  e n e r g y  r a n g e s  f o r  t h e  i n c i d e n t  p r o t o n s .
I n  t h e  f i r s t  k i n d  o f  e x p e r i m e n t s ,  me a s u r e m e n t s
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have been made at a particular energy to determine
the value of the absolute cross-section of this
reaction. The results of these measurements have
d o*been utilised for normalising the value of (37Od^ o
in the second type of experiments, in which the
relative differential cross-section has been
measured, and data have been expressed in terms of
atot , and the coefficients. In the third
category of experiments, P (0) has been measured,a
and using the values of V/ (0) as obtained in theo
second kind of experiments, data have been expressed 
in terms of coefficients.
Experimental data of the ^Li(p,a)^He reaction
have been taken from a number of papers as different
authors have carried out the measurements in
different energy ranges. Wherever possible, most
recent measurements have been used for the present
analysis. a^0t anc* va u^es f°r Pr°ton energies,
E , between 1.4 to 7 MeV have been taken from P
9 )Mani et al who have plotted these values by using
their own and earlier measurements. Values of o.  .tot
and coefficients below 1.4 MeV have been 
supplemented from the measurements of Heydenburg
r \ c \
et al and of Hirst and Uebergang
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D a t a  f o r  A.  c o e f f i c i e n t s  f o r  E = 0 . 8  t o  3 . 0  MeV 
L P
1 4 )
h a v e  b e e n  t a k e n  f r o m  t h e  p a p e r  o f  P e t i t j e a n  a n d  B r o w n  ,
a n d  f r o m  t h e  m e a s u r e m e n t s  o f  P l a t t n e r  e t  a l ^ " ^  a b o v e
3 MeV.  T h e s e  a u t h o r s  h a v e  u s e d  (4 ? 0  v a l u e s  o f  M a n i
df t  o
9 )e t  a l  i n  o b t a i n i n g  t h e i r  c o e f f i c i e n t s .  F u r t h e r ,  
t h e y  h a v e  u s e d  p o l a r i z e d  i o n  s o u r c e s  w h i c h  h a v e  l e d  t h e m  
t o  r e s u l t s  o f  g r e a t e r  a c c u r a c y  t h a n  t h e  r e s u l t s  o f  
p r e v i o u s  a u t h o r s ^  ^ ^  wh o  h a d  u s u a l l y  u s e d  b e a ms  o f  
p r o t o n s  p o l a r i z e d  b y  e l a s t i c  s c a t t e r i n g  o n  C a r b o n .
E x p e r i m e n t a l  m e a s u r e m e n t s  o f  a l l  t h e  a b o v e  m e n t i o n e d  
a u t h o r s  ( e x c e p t  t h e  a b s o l u t e  v a l u e s  o f  a ) a r e  * n g o o d  
a g r e e m e n t  w i t h  t h e  e a r l i e r  m e a s u r e m e n t s  i n d i c a t i n g  t h a t  
t h e i r  d a t a  may  be  s a f e l y  u s e d  f o r  t h e  p r e s e n t  a n a l y s i s .
1 6 )
V e r y  r e c e n t l y ,  K i l i a n  e t  a l  h a v e  i n d e p e n d e n t l y
m e a s u r e d  a . ,  B. a n d  A.  v a l u e s  f o r  E b e t w e e n  2 . 7  t o  
t o t  L L p
1 0 . 6  MeV a n d  u s i n g  a p o l a r i z e d  i o n  s o u r c e .  T h e i r  d a t a  
a l s o  a r e  i n  q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  m e a s u r e m e n t s  
o f  a l l  t h e  a u t h o r s  w h o s e  d a t a  we a r e  u s i n g  f o r  t h e  
p r e s e n t  a n a l y s i s .  We c o u l d  n o t  u s e  t h e  d a t a  o f  K i l i a n  
e t  a l  f o r  t h i s  s t u d y  a s  t h e y  h a v e  n o t  q u o t e d  t h e i r  
r e s u l t s  i n  t a b u l a r  f o r m s  a n d  a s  i t  i s  d i f f i c u l t  t o  r e a d  
t h e i r  d a t a  a c c u r a t e l y  f r o m  t h e i r  f i g u r e s .
BIO
A l t h o u g h  d i f f e r e n t  g r o u p s  a g r e e  w e l l  i n  t h e i r  v a l u e s
o f  and c o e f f i c i e n t s  and i n  t h e  e n e r g y  d e p e n d e n c e  o f
O f o t  / t h e r e  i s  c o n s i d e r a b l e  d i s a g r e e m e n t  i n  t h e  a b s o l u t e
v a l u e s  o f  T h i s  i s  due t o  d i s c r e p a n c i e s  b e t w e e n
d i f f e r e n t  m e a s u r e m e n t s  o f  t h e  a b s o l u t e  c r o s s - s e c t i o n  o f
t h i s  r e a c t i o n .  The f i r s t  m e a s u r e m e n t s  f o r  t h e  a b s o l u t e
7 4c r o s s - s e c t i o n  o f  t h e  L i ( p , a )  He r e a c t i o n  w e r e  p e r f o r m e d  by
23 ) 24 )Freeman e t  a l  and by Burcham e t  a l  . To g i v e  an
i d e a  o f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  v a l u e s  o f  a b s o l u t e
c r o s s - s e c t i o n  o b t a i n e d  i n  d i f f e r e n t  m e a s u r e m e n t s ,  we
compa r e  t h e  v a l u e s  o f  a l l  t h e  a u t h o r s  w i t h  t h a t  o f
9 )Freeman e t  a l . Mani  e t  a l  ( whose  d a t a  we a r e  u s i n g
i n  t h e  p r e s e n t  w o r k )  hav e  o b t a i n e d  t h e i r  a t  t  d a t a  a f t e r
*  7 )n o r m a l i s i n g  ) i t  t o  t h e  d a t a  o f  Cassagnou  e t  a l  , who
had f u r t h e r  n o r m a l i s e d  t h e i r  d a t a  w i t h  t h e  a b s o l u t e
23 )c r o s s - s e c t i o n  m e a s u r e m e n t s  o f  Freeman e t  a l  and o f  
2 4 )Burcham e t  a l  , Thus t h e  v a l u e  o f  a b s o l u t e  c r o s s - s e c t i o n
9 )used  by Mani  e t  a l  i s  t h a t  o f  Freeman e t  a l . From
B )i n d e p e n d e n t  m e a s u r e m e n t s ,  Sarma e t  a l  seem t o  have
* )  The t  d a t a  o f  Mani  e t  a l  and o f  Cassagnou  e t  a l
do n o t  a g r e e  i n  peak  h e i g h t .  The d a t a  o f  Cassagnou
e t  a l /  l a b e l l e d  as o.  . d a t a ,  seems t o  be 9 0 °  c r o s s -t o t
s e c t i o n  d a t a .
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o b t a i n e d  a v a l u e  o f  a b s o l u t e  c r o s s - s e c t i o n  w h i c h  i s  
a p p r o x i m a t e l y  0 . 1 6  t i m e s  t h a t  o f  Fr eeman e t  a l /  w h i l e
1  r  \
K i l i a n  e t  a l  have  o b t a i n e d  a v a l u e  w h i c h  i s
a p p r o x i m a t e l  y 1 . 1  t i m e s  t h a t  o f  Fr eeman e t  a l .  R e c e n t l y /
25 )L e r n e r  and M a r i o n  have  r e p o r t e d  t h e  v a l u e s  o f
a b s o l u t e  c r o s s - s e c t i o n  o f  t h i s  r e a c t i o n  based  on t h r e e
d i f f e r e n t  m e a s u r e me n t s  a t  t h e  U n i v e r s i t y  o f  M a r y l a n d
and a l l  o f  t h e i r  v a l u e s  l i e  n e a r  h a l f  o f  t h e  one
q u o t e d  by Fr eeman e t  a l .  I t  t h e n  seems t h a t  t h e  mean
o f  a l l  t h e  a bo v e  m e n t i o n e d  a b s o l u t e  c r o s s - s e c t i o n  v a l u e s
l i e s  n e a r  h a l f  o f  t h e  one r e p o r t e d  by Fr eeman e t  a l /
and used  by Mani  e t  a l .  I n v i e w  o f  t h e  r e c e n t
25 )m e a s u r e m e n t s  o f  L e r n e r  and M a r i o n  / we have used  t h e
9 )a t  d a t a  o f  Mani  e t  a l  a f t e r  m u l t i p l y i n g  i t  by 0 . 5 .
In t h e  l i g h t  o f  t h e  u n c e r t a i n t y  a b o u t  t h e  c o r r e c t  
v a l u e  o f  t h e  a b s o l u t e  c r o s s - s e c t i o n  f o r  t h e  ^ L i ( p , a ) ^He 
r e a c t i o n /  some a u t h o r s  have  a l s o  t r i e d  t o  o b t a i n  
p o i n t e r s  t o w a r d s  i t s  c o r r e c t  v a l u e  f r o m  t h e  s t u d y  o f  
t h e  ^ L i C d / a ^ H e  r e a c t i o n .  J e r o n y mo  e t  a l ^ ^  have  
o b t a i n e d  t h e i r  d a t a  f o r  t h e  ^ l i ( d , a ) ^He r e a c t i o n  a f t e r  
a d j u s t i n g  i t  w i t h  t h e  a b s o l u t e  c r o s s - s e c t i o n  v a l u e  used  
by Cas s agnou  e t  a l ^  ( i . e . t h e  v a l u e  o f  Fr eeman e t  a l )  
f o r  t h e  L i ( p / C t )  He r e a c t i o n .  Meyer  e t  a l  have
p e r f o r m e d  an i n d e p e n d e n t  me a s u r e me n t  f o r  t h e  a b s o l u t e
Bl 2
6 4cross-section of the Li (d, ot) He reaction. Later on it
2 8)was found by Mani et al that the data of Jeronymo 
2 6)et al needs to be multiplied by a factor of approx,
0.5 to make it agree with the data of Meyer et al.
2 )Further, Freeman and Mani have found from their
theoretical analysis that the experimental data of the
^Li(d/a)t+He reaction is best fitted if the value of the
2 7 )absolute cross-section of Meyer et al is assumed to 
be correct. All these seem to indicate that the correct 
value for the absolute cross-section of the ^Li(p,a)^He
reaction may be lying near half of the one quoted by
2 3) 9)Freeman et al , and used by Mani et al
All the authors have quoted the possible errors in
their data at each energy point. Errors in a data of
Mani et al have been multiplied by 0.5 before use. This
is because the a data itself has been multiplied by
0.5 before use. For the errors associated with
coefficients, we use the values as reported by Mani 
9 )et al . The errors given in A^ data by Petitjean and
15 )Brown and by Plattner et al are only statistical
errors and do not include the errors of W (0) which waso
used in obtaining the A^ data. To allow for the errors 
of WQ (0), we have used the A^ data after multiplying 
the quoted errors by 5.
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7 4d a t a  for the L i ( p , a )  He r e a c t i o n  a r e  
1 4-1 5 )a v a i l a b l e  up to A c c o e f f i c i e n t s .  T h e  B. data,b L8 - 9 )on the o t h e r  h a n d , a r e  a v a i l a b l e  up to Bg c o e f f i c i e n t s .
9)Mani et al h a v e  r e m a r k e d  that  the a p p e a r a n c e  of Bg
c o e f f i c i e n t  has no s i g n i f i c a n c e  as it s i m p l y  t e n d s  to
fit the s c a t t e r  in the e x p e r i m e n t a l  data . S i n c e  the
v a l u e s  of Bg c o e f f i c i e n t s  a r e  q u i t e  n e g l i g i b l e  as
9)c o m p a r e d  to the v a l u e s  of o t h e r  B^ c o e f f i c i e n t s ,  we
h a v e  n e g l e c t e d  the c o n s i d e r a t i o n  of Bg c o e f f i c i e n t s
f r o m  o u r  a n a l y s i s .  E x p e r i m e n t a l  d a t a  of this r e a c t i o n
up to 7 M e V  p r o t o n  e n e r g i e s  a r e  s h o w n  in f i g u r e s  (11.2)
a n d  (11.3 ).  T h e  a. ,, B. a n d  A. v a l u e s  h a v e  b e e ntot L L
p u r p o s e l y  d r a w n  b e l o w  o n e  a n o t h e r  on the sa me  e n e r g y  
s c a l e  to d e m o n s t r a t e  the c o r r e s p o n d e n c e  b e t w e e n  
v a r i o u s  p e a k  and d i p  s t r u c t u r e s  in t h e i r  c u r v e s .
F i g u r e s  (11.2) a n d  (11. 3)  a l s o  s h o w  the r e l a t i v e  
m a g n i t u d e s  of A^ a n d  B^ c o e f f i c i e n t s  for d i f f e r e n t  L 
v a l u e s ,  w h i c h  is i m p o r t a n t  for later  d i s c u s s i o n s .
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F i g u r e  ( 1 1 . 2 ) ; a t o t  '  ^2 anc* ^2 e x Pe r ' m e n t a  ^ d a t a  o f  
t h e  L i ( p / a ) l | F'e r e a c t i o n  up t o  Fp = 7 MeV. 
F x p e r i  m e n t a l  p o i n t s  a r e  shown a l o n g  w i t h
v e r t i c a l  e r r o r  b a r s .

Bl  5
F i g u r e  ( 1 1 . 3 )  : , B^ / and e x p e r i m e n t a l  d a t a  o f
t h e  ^ L i ( p , a ) S l e  r e a c t i o n  up t o  = 7 MeV. 
E x p e r i m e n t a l  p o i n t s  a r e  shown a l o n p  w i t h
v e r t i c a l  e r r o r  b a r s .
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S e c t i o n  MC:  Me t hod  o f  A n a l y s i s
The g e n e r a l  e x p r e s s i o n  f o r  t h e  d i f f e r e n t i a l  c r o s s -  
s e c t i o n  o f  a r e a c t i o n  when t h e  t a r g e t  i s  u n p o l a r i z e d  
a n d  t h e  p o l a r i z a t i o n  o f  t h e  r e s i d u a l  n u c l e u s  a s  w e l l  as  
o f  t h e  o u t g o i n g  p a r t i c l e s  i s  n o t  b e i n g  m e a s u r e d  h a s  b e en  
g i v e n T by Vie 1 t o n
( - 1 ) 1 ' 1 ' +s s '2 J 2+L
( 2 k *) ( 2 I , + l ) ( 2 l  ' + ! )
f ( 2 i  ' + l ) ( 2 q '  + l j ]  2 Z(X.1 J 1 J>2J 2 ; sL)  W ( i ' s ' 1 i ' s ' 2 ; I ' q 1 )
, ( J f £ ' i s ' i ; L q ' ;  J 2 £ ' 2 s ' 2 ) j U1*U2+ ( - l ) q
T ( q '  , q ' )  D q . Q (4> / 6 , 0 ) ( 1 1 . 6 )
He r e  t h e  p r i m e d  a n d  t h e  u n p r i m e d  q u a n t i t i e s  r e f e r  t o  t h e  
e n t r a n c e  and  t h e  e x i t  c h a n n e l s  r e s p e c t i v e l y ,  and  t h e
t )  The r e a c t i o n  m a t r i x  R o f  H e l t o n  i s  r e l a t e d  t o  t h e
c o l l i s i o n  m a t r i x  U.  ^ o f  Lane a nd  T h o m a s ^ ^  by t h e  r e l a t i o n
R. = U. -1. .  S p e c i a l i s i n g  t o  t h e  c a s e  o f  a t r u e  r e a c t i o n ,
H e l t o n ' s  r e a c t i o n  m a t r i x  e l e m e n t s  R ( a = l , 2 )  h a v e  b e e na
r e p l a c e d  h e r e  by t h e  c o l l i s i o n  m a t r i x  e l e m e n t s  Ua t o  a v o i d  
c o n f u s i o n  w i t h  t h e  R - m a t r i x  e l e m e n t s  o f  Lane  and  Thomas .
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suffixes 1 and 2 represent the alternative sets of 
quantum numbers for a given channel. The symbol, l , 
stands for the relative orbital angular momentum in the 
channel, and s for the channel spin formed by vector 
addition of the intrinsic spins i and I of the channel 
particles. The total angular momentum of the system is 
denoted by J and the wave number of the incident channel 
by k '. Other quantities are described below one by one.
The quantity T (q ’ ,q') denotes a tensor moment
with rank q 1 and components _q1 . Tensor moments contain
directional information on spins and can be calculated
29)from the formulae given by Welton . For an incident
1beam of particles of spin y  with polarization 
perpendicu1 ar to the beam direction,
T (0,0 ) = 1 , T (1,1) = - z  P, , T (1,0 ) = 0 ,
/ 6 b
T(l,-1)= ~ ZZ P, / and all other T (q ' ,q') = 0
/6 b
(1 1.7 )
For spin y particles, T(l,q’) components contribute only
when the incident beam is polarized and are responsible
for the left-right asymmetry in the differential cross-
section (4?o d£7 p
B l  8
The D i Q (4> , 0  / 0)  f u n c t i o n / r e s p o n s i b l e  f o r  0 and 4) 
d e p e n d e n c e s  i n  ( ^ ) p , i s  r e l a t e d  t o  t h e  s p h e r i c a l  
h a r m o n i c s  and can be e x p r e s s e d  a s :
D q i 0  (<t> , e , 0 ) ( D - a ' - i s ' i
( L- Iq ' I )!
4
_( L+ I q ' I ) ! .
PL 1 3.’ 1 ( c o s  6)  e ' S 1'1’ ( 1 1 . 8 )
I t  can be seen  f r o m  ( 1 1 . 7 )  and ( 1 1 . 8 )  t h a t  f o r  i n c i d e n t
1
u n p o l a r i z e d  p a r t i c l e s  o f  s p i n  y  / t h e r e  can be no (j) 
d ep e n d e n c e  i n  (^j“ ) p and t h e  a s s o c i a t e d  L e g e n d r e
I Q * j
p o l y n o m i a l s  P^ — ( c o s  0)  r e d u c e  t o  o r d i n a r y  L e g e n d r e
p o l y n o m i a l s ;  w h i l e  f o r  i n c i d e n t  p o l a r i z e d  p a r t i c l e s  o f  
1 I C1  ^ Is p i n  j  / t h e  p r o p e r t i e s  o f  — ( c o s  0)  show t h a t  L = 0 
c om p o n e n t s  c a n n o t  a p p e a r  i n  t h e  a s y m m e t r y  t e r m .
The q u a n t i t i e s  Z ( 2  '  s *-) /  , ( J 1 ^s ’ L q 1;
'^2^'* 2 s *2^ anc* ^ ( i 1 s 1 2 ■ ' s 1 2 '  I ' q ' ) a r e  a n g u l a r  momentum 
c o u p l i n g  c o e f f i c i e n t s  c o n t a i n i n g  i n f o r m a t i o n  a b o u t  t h e  
c o m p o u n d i n g  o f  a n g u l a r  momenta .  The c o e f f i c i e n t s  Z and 
G , a r e  r e l a t e d  t o  t h e  C1e b s c h - G o r d a n  and Racah
q
“  29)
c o e f f i c i e n t s  and t h e  9 - j  s y m b o l s  by t h e  r e l a t i o n s
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Z ( £ 2 ^ 2 ^  2 '  sL) ( 2 ä1+ 1 ) ( 2 ä2 + 1 ) ( 2 J 1+ 1 ) ( 2 J 2+1)
( £ 1 £ 2 0 0 | L 0 )  VK£1J 1 ä2J 2 ; s L) ( 1 1 . 9 )
Gq ’ ( J 1 ^ ' I s ' 1 ; L q ' ; J 2 ^ '2 S * 2 ^
C2J 1+ 1 ) ( 2 J 2+ 1 ) ( 2 ä , 1+ 1 ) ( 2 ä , 2+ 1 ) ( 2 s , 1 +1)
* + l )J( 2 s ' 2+ l ) ( 2 q , l ) | 2 ( - 1 )  1
E ( 2 A , + 1 ) 2 ( £ , 1 ä ' 2 0 0 | A ' O M A ' q ' O q '  | L q ' )
A '
V
V
1 *  1 U1 
q ' L
£ ' 2 s ' 2 J 2 ( 1 1 . 1 0 )
Th r o u g h  t h e  v a r i o u s  t r i a n g u l a r  i n e q u a l i t i e s  i n v o l v e d  i n
Z , G i a nd  W ( i ' s '  ^i 1 s ' 2 ; I ' q ' )  c o e f f i c i e n t s ,  t h e  Z
c o e f f i c i e n t  p u t s  r e s t r i c t i o n s  on t h e  a n g u l a r  moment um
q u a n t u m n u mb e r s  i n t h e  e x i t  c h a n n e l ,  w h i l e
W(i ' s ' x i ' s ' 2 ; I ' q ' )  a nd  G ^ , c o e f f i c i e n t s  i mpos e
r e s t r i c t i o n s  on t h e  q u a n t u m n u mb e r s  in t h e  e n t r a n c e
29 )
c h a n n e l .  The G , c o e f f i c i e n t s  s a t i s f y  a u s e f u l  
Q
r e  1 a t i o n s  h i p
0 2 0
G I ( J J ' n  s ’ ; L q ' ;  J 0 £'  s '  ) = ( - 1 )
£'  1+ £ ' 2  + L+q'
- q  ' 1  1 2 2 ‘J 2
G , ( J - Ä ' - s ' ;  L q ' ;  J 0 £ ' 0 s ' 0 ) ( i r . l l )q 1 1 I  I I I
The c o l l i s i o n  m a t r i x  e l e m e n t s  and s t a n d  f o r
U , ( a ' & ' s ' - ;  and U.  ( a ' £ ' 0 s ' 0 ; a £ 0 s 0 )
J^TT-j^ J. J. I t  J 2 ^ 2  2 l  l  l
r e s p e c t i v e l y ,  wh e r e  a  d e n o t e s  t h e  c h a n n e l  i n d e x  and tt
t h e  p a r i t y  o f  t h e  c h a n n e l .  The s e  m a t r i x  e l e m e n t s  c o n t a i n
a c o m p l e t e  s p e c i f i c a t i o n  o f  t h e  d y n a m i c s  o f  t h e  r e a c t i o n
and g i v e  t h e  p r o b a b i l i t y  f o r  t h e  s y s t e m  t o  go f r o m  an
i n i t i a l  s t a t e  a ' & ' s '  t o  a f i n a l  s t a t e  a£s f o r  a g i v e n
J & tt . I t  may be n o t e d  f r o m  t h e  way t h e  c o l l i s i o n
m a t r i x  e l e m e n t s  a p p e a r  i n  e x p r e s s i o n  ( I  1 . 6 )  t h a t  f o r
1
i n c i d e n t  p o l a r i z e d  p a r t i c l e s  o f  s p i n  j  , a s y m m e t r y  w i l l  
a r i s e ^ ^  o n l y  f r o m  t h e  i n t e r f e r e n c e  b e t we e n  t wo 
d i f f e r e n t  e l e m e n t s  o f  t h e  c o l l i s i o n  m a t r i x .
The g e n e r a l  e x p r e s s i o n  f o r  ( ^ “ ) p can be r e d u c e d  t o
g i v e  (4?0  . Such a r e d u c t i o n  has been c a r r i e d  o u t  bydW o
Wei  t o n ^   ^ g i  v i ng,
c4^) I ( - D
—  e  *s - s
dß O ( 2 k , )2 (2 J ' + 1 M 2 I  ' + ! )  * '  * '  S ' j  W  sL
Z ( 2 ' ^ ^ ^
Z ( £ ' 1J 1 £ ' 2J 2 ; s ' L )  j  ( U1 * U 2+U2 * U 1 ) Pl ( cos 6)  ( 1 1 . 1 2 )
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w h i c h  i s  t h e  same e q u a t i o n  ( a f t e r  phase  c o r r e c t i o n )  as
32 )
was f i r s t  d e r i v e d  by  B l a t t  and B i e d e n h a r n  . I t  can 
now be e a s i l y  seen  on c o m p a r i n g  ( I I . G )  and ( 1 1 . 1 2 )  t h a t  
d i f f e r e n t  c h a n n e l  s p i n s  do n o t  i n t e r f e r e  i n  t h e  i n c i d e n t  
c h a n n e l  u n l e s s  p o l a r i z a t i o n  i s  c o n s i d e r e d .
E x p r e s s i o n  f o r  t h e  t o t a l  c r o s s - s e c t i o n  o f  a r e a c t i o n  
can be o b t a i n e d  f r o m  ( 1 1 . 1 2 )  by  i n t e g r a t i n g  o v e r  t h e  
s o l i d  a n g l e  and n o t i n g  t h a t  o n l y  L = 0 t e r m s  c o n t r i b u t e .  
D o i n g  t h i s ,  one  o b t a i n s
a t o t
4 TT
( 2 k 1 ) 2
________ 1________
(2 i ' +1 )  ( 2 I ' + 1)
I  ( 2J + 1 ) I U I 2 
£ * s ' J£s
( 1 1 . 1 3 )
S u b s c r i p t s  1 and 2 b e l o w  t h e  qua n t u m number s  and t h e  
c o l l i s i o n  m a t r i x  e l e m e n t s  U have  been o m i t t e d  i n  ( 1 1 . 1 3 )  
as a l l  t h e  qua n t u m number s  f o r  t h e  a l t e r n a t i v e  modes i n  
t h e  same i n g o i n g  and t h e  o u t g o i n g  c h a n n e l s  a r e  i d e n t i c a l .
H a v i n g  c o l l e c t e d  t h e  g e n e r a l  e x p r e s s i o n s  f o r
(4 “ ) / (4?-) and a ,  . , we a r e  now i n  a p o s i t i o n  t odi l  p a ll o t o t
o b t a i n  t h e o r e t i c a l  e x p r e s s i o n s  f o r  W ( 0 )  and P ( 0 ) .o a
From ( 1 1 . 2 ) ,  ( 1 1 . 1 2 )  and ( 1 1 . 1 3 ) ,  W ( 0 )  becomes
W ( 0 ) = o I  ( 2J  + D I U I
£ ' s ' J£s
Z(£ ' 1J 1£ ' 2J 2 ;
£ '  x £ 
s ' L )  Re(U
( - 1 ) S S ' Z ( £ 1J 1 £ 2J 2 ; s L )
* 2 s , J2d2^2^ ' 2^^ - 
1 * ^ 2 ^  PL ( c o s ( 1 1 . 1 4 )
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wher e  Re(U^ U2 ) de no t es  t h e  r e a l  p a r t  o f  (U^ IJ2 ) .
For  o b t a i n i n g  an e x p r e s s i o n  f o r  P ( 0 ) ,  we make use o f  twoa
c o n d i t i o n s ,  i . e .  + = even and % 1 £ ' 2 + + = even.
Q *These r educe  t h e  phase f a c t o r  i n ( 1 1 . 1 1 )  t o  o n l y  ( - 1 )  ' . 
The f i r s t  c o n d i t i o n  comes f r o m t h e  n o n - v a n i s h i n g  o f  t h e  
C1 ebsch-Go rdan c o e f f i c i e n t ,  ( £ ^ £ 20 0 I LO ) ,  wh i c h  a ppea r s  
i n t h e  e x p r e s s i o n  f o r  t h e  Z c o e f f i c i e n t  i n v o l v e d  i n 
( 1 1 . 6 ) ,  w h i l e  t h e  second c o n d i t i o n  i s  r e q u i r e d  by p a r i t y  
c o n s e r v a t i o n .  Use o f  ( I I . 1 ) ,  ( 1 1 . 2 ) ,  ( 1 1 . 6 ) ,  ( 1 1 . 7 ) ,
( 1 1 . 8 )  and ( 1 1 . 1 1 )  g i v e s  f o r  i n c i d e n t  p o l a r i z e d  p a r t i c l e s  
o f  s p i n  ,
pa ( e ) =  vTTeT I  (2J + D I U I  
i 1s ' J£s
- 1  £  ^ ^ ^ I  1 - i ' + s - s 12- J 2+ L+ 1
^ , 1 5/ ,2 s , 1s , 2^1J 2^1^2s ^
[2 (2 i 1+1 jj
LCL+ l ) Z ( %^ J ^ £ 2 J 2  / sL)
W( i ' s  1 i ' s ' ; I ' l )
G1 ( J 1£ ' 1s , 1; L 1;  J 2 £ 1 2 s ' 2 ) l m( U1* U2 ) P ^ t c o s  6)
( 1 1 . 1 5 )
For  t h e  p a r t i c u l a r  case  o f  t h e  ^ L i ( p , a ) [tHe r e a c t i o n ,  
due t o  t h e  i d e n t i t y  o f  e m i t t e d  a l p h a s  w h i c h  a r e  s p i n l e s s ,  
t h e  wave f u n c t i o n  o f  t h e  f i n a l  sys t em i s  s y m m e t r i c .
T h i s  r e q u i r e s  t h e  f i n a l  s ys t em t o  have + ve p a r i t y .  To 
s a t i s f y  t h i s ,  many r e s t r i c t i o n s  g e t  i mposed on t he
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p o s s i b l e  v a l u e s  w h i c h  v a r i o u s  qua n t u m number s  can t a k e ,  
t h e r e b y  s i m p l i f y i n g  t h e  e x p r e s s i o n s  ( 1 1 . 1 4 )  and ( 1 1 . 1 5 )  
t o  a c o n s i d e r a b l e  e x t e n t .
i )  To have +ve p a r i t y ,  t h e  r e l a t i v e  m o t i o n  o f  t wo 
a l p h a s  mus t  have  even o r b i t a l  a n g u l a r  momentum,  
i m p l y i n g  o n l y  even  v a l u e s  f o r  £^ and
i i )  As a r e s u l t  o f  o n l y  even v a l u e s  f o r  £^ , and *
L mus t  a l s o  be e v e n .  T h i s  i s  f r o m  t h e  p r o p e r t i e s  
o f  ( 0 0 1 L 0 ) ,  w h i c h  a p p e a r  i n  t h e  e x p r e s s i o n  o f  
Z c o e f f i c i e n t s  w h i c h  a r e  i n v o l v e d  i n  ( 1 1 . 1 4 )  and 
( 1 1 . 1 5 ) .
i i i )  As t h e  o u t g o i n g  a l p h a s  a r e  s p i n l e s s ,  t h e  e x i t  
c h a n n e l  s p i n ,  s = 0.  T h e r e f o r e ,  = £^ and
^2  =  ^2  '  i k y i n g  t h a t  and ^  a r e  a l s o  e v e n .
i v )  The g r o u n d  s t a t e  o f  ^ L i  i s  o f  - v e  p a r i t y .  The 
c o n s e r v a t i o n  o f  p a r i t y  a l l o w s  o n l y  odd v a l u e s  
f o r  £ 1^ and £ ' 2  .
v )  The odd v a l u e s  o f  £ ' ^  and £ ^  r e s t r i c t  A '  = e v en  
i n  ( 1 1 . 1 0 ) .  T h i s  i s  r e q u i r e d  by t h e  p r o p e r t i e s  
o f  ( £ ' ^ £ ' 2 00 I A 10 ) . The t r i a n g u l a r  i n e q u a l i t y ,  ^
( A  * 1 L ) ,  i n v o l v e d  i n  c o e f f i c i e n t  i n  ( 1 1 . 1 5 )  
t h e n  r e s t r i c t s  A '  = L o n l y .
The a bo v e  d i s c u s s i o n  shows t h a t  f o r  t h e  p a r t i c u l a r  
c a s e  o f  t h e  ^ L i ( p , a ) t|He r e a c t i o n ,  a l l  q u a n t u m numbe r s
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a r e  a u t o m a t i c a l l y  d e t e r m i n e d  i n  t h e  e x i t  c h a n n e l  o n c e  t h e  
s p i n  o f  t h e  c o mp o u n d  s t a t e  i s  s p e c i f i e d .  W i t h  r e d u n d a n t  
l a b e l s  o m i t t e d ,  c o l l i s i o n  m a t r i x  e l e m e n t s ,
U .  ( a*  £ * s  ' ;  a £ s ) ,  may s i m p l y  be w r i t t e n  as  U t , .
J  TT S 36 U
C o m p a r i n g  e x p r e s s i o n s  ( 1 1 . 4 )  a nd  ( 1 1 . 1 4 )  as  we l  1 as 
( 1 1 . 5 )  and  ( 1 1 . 1 5 ) ,  a n d  i n s e r t i n g  t h e  n u m e r i c a l  v a l u e s  
o f  i '  and  I '  ;  u s i n g  e x p r e s s i o n s  ( 1 1 . 9 )  a nd  ( 1 1 . 1 0 ) ,  
a n d  i m p o s i n g  r e s t r i c t i o n s  on  t h e  v a r i o u s  q u a n t i t i e s  as  
d i s c u s s e d  e a r l i e r ,  e x p r e s s i o n s  c a n  be o b t a i n e d  f o r  B,
a n d  c o e f f i c i e n t s .  D o i n g  t h i s ,  o n e  o b t a i n s ,
I  ( 2 J + 1 )  I U I 
• A ' s '  J
2 7 - 1 -c -  '
l  ( - 1 )
£1i^ * 2 ^ '^1^2
( 2 J 1 + 1 ) ( 2 J 2 +1 )
( 2 ä , 1+ 1 ) ( 2 £ , 2+1)  Z ( J 1J 20 0 | L 0 ) ( £ , 1£ , 20 0 | L0 )
W ( £ ' 1J 1 £ ' 2 J 2 ; s ' L )  R e d ^  U2 ) ( t r  . 16 )
a n d
I  ( 2 J + 1 )  I U I
L£ ' s ' J
~1 2/3  [ l o TTTJ (L ionL I )
£ ' - s  ' 0
l  ( - i )  1 2
£ ' l £ , 2s ' 1s , 2J 1J 2
( 2 J 1 + 1 ) ( 2 J 2 + 1 ) ( 2 s ' 1 + 1 ) ( 2 s ' 2 + 1 ) ( 2 J I ' + 1 )
( 2 £ *  2 + 1)
( J 1J 2 O 0 1 L 0 ) ( £ ’ 1 Ä , 2 OOt LO)  W ( y  s ' j  \  |  1)
I m ( U x U2 ) ( 1 1 . 1 7 )
From t h e  e x p e r i m e n t a l  d a t a  g i v e n  i n  f i g u r e s  ( 1 1 . 2 )
and ( 1 1 . 3 ) /  i t  a p p e a r s  t h a t  o v e r  t h e  e n e r g y  r a n g e  o f  0 t o  7
MeV,  E>2 and a t t a i n  l a r g e  v a l u e s  w h i l e  t h e  o t h e r  B^ and
A^ t e n d  t o  be much s m a l l e r ,  b u t  B^ a t  l e a s t  and p e r h a p s
and a r e  n o t  n e g l i g i b l e .  For  a n o n - z e r o  B^ , t h e
t r i a n g u l a r  i n e q u a l i t i e s  i n v o l v e d  i n  t h e  C1e b s c h - G o r d a n
c o e f f i c i e n t s  c o n t a i n e d  i n  ( 1 1 . 1 6 )  and ( 1 1 . 1 7 )  r e s t r i c t
£ '  ^  3,  w h e r e  t h e  s u b s c r i p t  ' m a x '  s t a n d s  f o r  t h emax
' max i mum v a l u e ' .  S i n c e  t h e  h i g h e r  o r d e r  p a r t i a l  waves  
f i n d  p e n e t r a t i o n  mor e  and mor e  d i f f i c u l t ,  c o n s i d e r a t i o n  
o f  £ '  > 3 may be n e g l e c t e d .  N o t i n g  t h a t  c h a n n e l  s p i n s  
s '  can be o n l y  1 and 2 f o r  t h e  c a s e  o f  t h e  ^ L i ( p , a ) V i e  
r e a c t i o n ,  c o n s i d e r a t i o n  o f  £ '  v a l u e s  up t o  3,  r e s t r i c t s  
J v a l u e s  up t o  4 o n l y .  T h i s  t h e n  g i v e s  t h e  f o l l o w i n g  
7 p o s s i b l e  s u b c h a n n e l s ,  d e p e n d e n t  on £ '  and s '  v a l u e s ,
g
f o r  f o r m i n g  t h r e e  d i f f e r e n t  compound s t a t e s  o f  t h e  Be 
n u c l e u s .  T h a t  i s ,  one g e t s
f o r  J = 0 ; £ ' s ' = l l
= 2 ; = 1 1 ,  12,  31,  32 ( 1 1 . 1 8 )
and = 4 ; = 31,  32
Summi ng o v e r  t h e  v a r i o u s  p o s s i b l e  v a l u e s  o f  J , £ '  and s '  
as g i v e n  i n  ( 1 1 . 1 8 ) ,  and i n t r o d u c i n g  t h e  n u m e r i c a l  
v a l u e s  o f  v a r i o u s  a n g u l a r  momentum c o u p l i n g  c o e f f i c i e n t s ^  
e x p r e s s i o n s  ( 1 1 . 1 6 )  and ( 1 1 . 1 7 ) ,  f o r  p a r t i c u l a r  v a l u e s  
o f  L,  can be w r i t t e n  i n  t e r m s  o f  t h e  c o l l i s i o n  m a t r i x
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e l e me n t s  u s » ^ • j  / as f o l l o w s :
B2 ■ f  Re 2 /1 0  ( U110 U1 1 2 ) + 2 /15  (U110 U1 3 2 ) + 5 ( U 112 U1 1 2 )
7 (U112 U1 3 2 ) + 7 (U132 U1 3 2 ) 5 (U212 U2 1 2 )
(u *u ) + (u *y ) + 5 XQ (u *y )
7 1 212 U232 ; 7  ^U232 U232 J 7 ^ 1 1 2  U1 3 4 J
4,./l_5 / y  * y  \ + .9.0 /2  / y  * y  X _ 3 0 /  2 / y * y  )
7 C U13 2 U1 3 4 J 7  ^U2 12 U234 J 7 ^U 2 3 2 U234 J
+ 7fCU134 U1 3 4 5 + 7 (U234 U234 )
B4 = X Re
-12  (U *U ) -  — (n *y  )+-^-(u *U )i z  ^u 110 u 1 3 4 ; y ^u 112 u 1 3 2 ; 7 ^u 132 U1 3 2 J
+ (y * y ) - ( y *y ) + ^-0.^ .IQ. / y *y )
7 t U212 U2 3 2 ; 7 { 232 U2 3 2 J 7 ^ 1 1 2  u 1 3 4 ;
M 7 f i ( U 1 3 2 * U1 3 4 ) -  5T 2 ( U 2 1 2 * U2 3 4 ) -  1 ^ ( U2 3 2 * U2 34 }
, 729 * v 2 43 * x
77 U134 U134 77 (U234 U2 3 4 )
B6 = X Re
- 1 0 0 / 1 5  n i  x 15 0 /2  M| x
11 U132 U134 11 (U232 U234
+ 11 CU134 U1 3 4 J ( U 234 U234 )
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x lm -  —  (U *U ) + —  (U *u  ) (U *(J )/2  H O  U1 1 2 J ^2 110 U2 1 2 ; /3  ^U110 U13 2 J
/ i O  ( U 110 U2 3 2 ) - 5 ( U 112 U2 1 2 ) + ( U 112 u 1 3 2 )
7 (U112 U 2 3 2 ) “ T (U212 U232 } + 1?/y (U212 U1 3 2)
. J - . O (| j  * y  ) + — -0- ( u * u ) -  — ( u * y  )
7 ^U132 u 232 ; 7 ^ 1 1 2  U1 3 4; 7 ^ U112 U234 ;
( u * u ) -  — ( y * y ) -  ( y * y )
7 ^U212 U1 3 4 ; 7 ^U212 U234 J /3  ^U132 U1 3 4 ;
-----  (u *y  ) + —1-'y/~- (u *y  ) 
7 U 132 U234 ; ^U232 U1 3 4 ;
J -  (u *y  ) _ 15/5 (u * LJ ) 
^  ^U232 u 234 ; 7 ^U134 U2 3 4 ;
x lm 2 (U110 U1 3 4 )+ 2 / j  (U 110 U2 3 4 )+ 7 /2 -(U112 U1 3 2 )
14 <U112 U2 3 2 ) + 14 ( U 212 U2 3 2 } (U212 U1 3 2 )
-1-^  ^  (u *y ) -  ■— (u *y )+ -* /'-■ (u *y )
7j/2 132 U232 ; 77 /3 - ^U134 U234 ; ?/2 ^U112 U1 3 4 ;
18 /2  M| v 9 /10  m  *.. v 9 n . x
7 U112 U234 7 (U212 U1 3 4 } U212 U2 3 4 }
—■—I — (u *y  ) -  - - /— (u  *y  ) +-?-7-/-i.Q. ^  * y   ^
22 ^u13 2 u13 4 ; 154 UJ132 u2 3 4 ; 77 ^u232 u 1 3 4 ;154 7
B 2 8
AC = X lm (u , 25/5 , * .11 U134 U234 ■* 21/y  (U132 U134)
+ (U„,*U„, ) - (U *u ) - - 2 5 _ {u *„' 232 U134J 1;l/2U)232 U234132 234 22
(11.19)
where 
X = J U110 1 ~ + 5|U112|2 + 51U132 1 2 + 5|U212|2 + 5|U232!
+ 9|U134|2 + 9 'U234 1 2
Expressions (11.19) contain 7 collision matrix 
elements which have to be determined from
experimental data. These matrix elements are energy 
dependent quantities and so are atQt , and the AL and 
coefficients. Considering experimental data at a single 
proton energy, we have 7 pieces of experimental data 
(1 for , 3 for and 3 for coefficients) to
determine 7 Us,£lj elements which are complex quantities 
having 14 components. Even though the overall phase is 
unimportant, yet 7 ^s,£ij elements cannot be determined 
from 7 experimental data points at a single energy. So 
to determine the values of these elements, we use the 
R-matrix formalism as reviewed by Lane and Thomas30) and 
express these elements in terms of the parameters
ac ' ancI Y^c of the nuclear resonant states.
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He r e  c and A s t a n d  f o r  t h e  c h a n n e l  and l e v e l  i n d i c e s
r e s p e c t i v e l y .  The l a b e l  c t h u s  d e s i g n a t e s  t h e  c h a n n e l
qua n t u m numbe r s  a£s  . The q u a n t i t y  a c i s  t h e  c h a n n e l
r a d i u s ,  t h e  r a d i a l  d i s t a n c e  o f  s e p a r a t i o n  b e t we e n  a p a i r
o f  n u c l e i  b e y o n d  w h i c h  n e i t h e r  n u c l e u s  e x p e r i e n c e s  a n y
p o l a r i s i n g  f o r c e ,  w h i l e  Bc i s  t h e  r e a l  b o u n d a r y  c o n d i t i o n
p a r a m e t e r  d e t e r m i n i n g  t h e  l o g a r i t h m i c  d e r i v a t i v e  o f  t h e
i n t e r n a l  wave  f u n c t i o n s  a t  a . For  a l e v e l  A , o f  s p i nc
7T
and p a r i t y  J , E d e f i n e s  t h e  e i g e n e n e r g y  o f  t h e  l e v e l
A
w h i l e  Y-^c s t a n d  f o r  t h e  r e d u c e d  w i d t h  a m p l i t u d e s .  I t  may 
be n o t e d  t h a t  t h o u g h  J has n o t  been e x p r e s s e d  e x p l i c i t l y ,  
y e t  E^ and  y ^ c do depend  on t h e  s p i n  J o f  t h e  l e v e l  A.
The q u a n t i t i e s  a , B , E and y ,  a r e  e n e r g y  i n d e p e n d e n t ,
C C A A C
and t h u s  can be u s e d  t o  f i t  t h e  e x p e r i m e n t a l  d a t a  a t  a 
l a r g e  number  o f  e n e r g i e s .  In g e n e r a l ,  f o r  p a r t i c u l a r  
v a l u e s  o f  a and  B , v a l u e s  o f  E, and y ,  a r e  c a l c u l a t e d
C C A A C
by o b t a i n i n g  t h e  b e s t  p o s s i b l e  f i t  t o  e x p e r i m e n t a l  d a t a .
For  p a r t i c u l a r  v a l u e s  o f  c h a n n e l  p r o p e r t i e s ,  t h e
c o n v e n t i o n a l  r e g u l a r  and i r r e g u l a r  Cou l omb f u n c t i o n s ,
F and G , can  be c a l c u l a t e d  f o r  a s e t  o f  e n e r g i e s  c c
u n d e r  c o n s i d e r a t i o n .  Th e s e  f u n c t i o n s  t h e n  can be us e d  
f o r  c a l c u l a t i n g  t h e  p e n e t r a t i o n  f a c t o r s  Pc , t h e  s h i f t  
f a c t o r s  S c and t h e  h a r d  s p h e r e  s c a t t e r i n g  phase  s h i f t s  
-<j> by u s i n g  t h e  r e  1 a t  i o n s ^  ^ ,
R30
2 2 F + Ci c c •*
(11.20)
F F ' + G G'c c____ c c
2 2 F + Gz c c
(11.21)
and
F -1
arc tan (11.22)
c J c
The subscript ac in (11.20) to (11.22) indicates that
P , S and (j) have to be evaluated at the channel c c c
radius ac * The quantity pc is equal to Kcac , where
k is the wave number for channel c. Further, knowing
the Coulomb field parameter nc / the Coulomb phase
shifts oo can be evaluated from^1^  c
(11.23)
In their survey 30) of the R-matrix theory, Lane and
Thomas give the elements U . of the collision matrixcc
■ IJU a s i
I I - Cl ICC c c
1 1
, + 2i p2 p2 , {y cc c c L I I c ' ' c '
I I
+ y a, a , A, } L \c yc Ay
Ay
(11.24)
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wher e  ß i s  g i v e n  by
i ( a) -  <J> )
n = e c c ( 1 1 . 2 5 )
C
The q u a n t i t i e s  Y , a r e  t h e  component s  o f  t h e  m a t r i x  Y ,
I  = (1 -  R0! 0 ) “ 1 ( 1 1 . 2 6 )
wher e  _L° i s  a d i a g o n a l  m a t r i x
wi  t h
( 1 1 . 2 7 )
(s - b ) +c c i P S° + i P ( 1 1 . 2 8 )  c c
The m a t r i x  R° t a k e s  a c c o u n t  o f  c o n t r i b u t i o n s  f r o m l e v e l s
w h i c h  a r e  n o t  i n c l u d e d  e x p l i c i t l y ,  i . e ,  t h e  R - m a t r i x  i s  
30)w r i t t e n  as
R = R° + R' ( 1 1 . 2 9 )
wher e  t h e  R.' p a r t  t a k e s  a c c o u n t  o f  l e v e l s  w h i c h  a r e  
i n c l u d e d  e x p l i c i t l y .  F u r t h e r ,  i n  ( 1 1 , 2 4 ) ,
’Ac  ^ ^ c c 1 ^ Ac ' ( \ \ , 30 )
and f o r  p a r t i c u l a r  v a l u e s  o f  J and tt o f  l e v e l s ,  A, a r e
t h e  component s  o f  t h e  l e v e l  m a t r i x 30)
Ay
( e  -  I  -  O -1 ( 1 1 . 3 1 )
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H e r e  e i s  a r e a l  d i a g o n a l  m a t r i x  w i t h  c o m p o n e n t s  E  ^ t h e
e i g e n e n e r g i e s  o f  l e v e l s ,  t h e  m a t r i x  E i s  e q u a l  t o  t h e
e n e r g y  E ( t o t a l  e n e r g y  o f  t h e  s y s t e m )  m u l t i p l i e d  by  t h e
u n i t  m a t r i x  a n d  ^ i s  a  s y m m e t r i c a l  m a t r i x  w h o s e  c o m p o n e n t s  
3 0 )  ,
a r e  g i v e n  by
^Ay ^ ^ Ac  c ^ c c ’ ^ y c '  
c c  ’
D e f i n i n g  by
( 1 1 . 3 2 )
E - YAc Yc c ' YAc
( 1 1 . 3 3 )
a n d  c a r r y i n g  o u t  t h e  m a t r i x  i n v e r s i o n s  o f  (e.  -  E. __£) 
u p  t o  a f e w  l e v e l s  o f  t h e  s a me  s p i n  a n d  p a r i t y ,  o n e  g e t s  
f o r  o n e  1 e v e l  ( 1 ) :
A 11
f o r  t wo  l e v e l s  ( 1  a n d  2 ) :
e2 el 1^2A — ----  A =  ----  A =  A =  ------A11 C ' 22 r ' 12 21 D
( 1 1 . 3 4 )
( 1 1 . 3 5 )
w i t h  D = 42 12
f o r  t h r e e  l e v e l s  ( 1 ,  2 a n d  3 ) :
A 11
e 2 e 3 ^ 23
D e t c .
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A12
^ 1 2e 3 + ^13^23  t )
— — ---------------- “ ----------------------—  e t c . ( 1 1 . 3 6 )
wi t h
D = e 1£ 2 e 3 e l   ^ 23 “ e 2 C 13 " £ 3  ^ 12 2 ^ 1 2 ^ 1 3 ^ 2 3
7 4For  a n a l y s i n g  t h e  d a t a  o f  t h e  L i ( p , a )  He r e a c t i o n  
we u s e  t h e  f o r m u l a e  o f  t h e  R - m a t r i x  t h e o r y ,  a s  c o l l e c t e d  
h e r e ,  w i t h  t h e  u s e  o f  t wo d i f f e r e n t  a p p r o x i m a t i o n s ,  
l a b e l l e d  a s  ' P '  and  1Q' .  T h e s e  a p p r o x i m a t i o n s  d i f f e r  in 
t h e  ways  in w h i c h  t h e y  t a k e  a c c o u n t  o f  t h e  c o n t r i b u t i o n s  
f r o m l e v e l s  o t h e r  t h a n  t h e  o n e s  i n c l u d e d  e x p l i c i t l y ,  and  
i n i n c l u d i n g  t h e  c o n t r i b u t i o n s  f r o m c o m p e t i n g  c h a n n e l s  
( i . e .  a l l  o t h e r  p o s s i b l e  c h a n n e l s  e x c e p t  t h e  i n g o i n g  
^ L i + p  and  t h e  o u t g o i n g  a + a  c h a n n e l s ) .  In t h e  P 
a p p r o x i m a t i o n s  we n e g l e c t  t h e  c o n t r i b u t i o n s  o f  l e v e l s
t )  T h e s e  o f f - d i a g o n a l  m a t r i x  e l e m e n t s  a p p e a r  in Lane  
a n d  T h o m a s ' s  a r t i c l e  w i t h  t h e  o p p o s i t e  s i g n :
^ 1 2 £3 ^ 13^23 e t c . ( 1 1 . 3 7 )
The  p o s s i b l e  s i g n  e r r o r  i n  ( 1 1 , 3 7 )  c a n n o t  be c o r r e c t e d
by t h e  s i m p l e  m o d i f i c a t i o n s  o f  t h e  p a r a m e t e r s .  B o r s a r u  
2 1 )e t  a l  ha v e  u s e d  A-^ e t c .  a s  g i v e n  in ( 1 1 . 3 7 )  a nd  t h i s  
h a s  p o s s i b l y  l e d  t o  e r r o r s  in t h e i r  a n a l y s i s .
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o t h e r  t h a n  t h e  o n e s  i n  w h i c h  i n t e r e s t  c e n t r e s ,  a n d  i n c l u d e
t h e  c o n t r i b u t i o n s  f r o m  c o m p e t i n g  c h a n n e l s  i n  a s i m p l e  w a y .
I n  t h e  Q a p p r o x i m a t i o n s  we i n c l u d e  c o n t r i b u t i o n s  f r o m  t h e
R°  t e r m  t o  o b t a i n  c o n s i s t e n c y  w i t h  a + a  s c a t t e r i n g  d a t a ,
a n d  t a k e  a c c o u n t  o f  c o m p e t i n g  c h a n n e l s  i n  a m o r e  r e a s o n a b l e
w a y .  T h u s  o u r  Q a p p r o x i m a t i o n s  a r e  u n d o u b t e d l y  b e t t e r .
2 2 1 )  7 4
P r e v i o u s  a n a l y s e s  '  o f  t h e  L i ( p , a )  He r e a c t i o n  d a t a
h a v e  b e e n  c a r r i e d  o u t  b y  i n c l u d i n g  t h e  a b o v e  m e n t i o n e d
c o n t r i b u t i o n s  i n  t h e  m a n n e r  o f  o u r  P a p p r o x i m a t i o n s .  T h e
2 )
e a r l i e r  a u t h o r s  d i d  n o t  o b t a i n  a g o o d  f i t  t o  a l l  t h e
d a t a  ( s e e  s e c t i o n  I I D ) ,  w h i l e  t h e  m o r e  r e c e n t  a n d
21)
c o m p r e h e n s i v e  w o r k  c o n t a i n s  a s i g n  e r r o r  ( s e e  f o o t n o t e  
o n  p a g e B 3 3 ) .  O u r  a n a l y s i s  w i t h  t h e  u s e  o f  P a p p r o x i m a t i o n s  
w a s  c a r r i e d  o u t  t o  s e e  i f  t h e  u s e  o f  c o r r e c t  f o r m u l a e  
c o u l d  s t i l l  g i v e  g o o d  f i t s  t o  t h e  d a t a .
C a s e  w i t h  1 P 1 a p p r o x i m a t i o n s :
S e t t i n g  £ °  = 0 a n d  u s i n g  ( 1 1 , 2 5 ) ,  ( 1 1 , 2 6 )  a n d  ( 1 1 . 3 0 ) ,  
e x p r e s s i o n s  ( 1 1 . 2 4 ) ,  ( 1 1 . 3 3 )  a n d  ( 1 1 . 3 2 )  c a n  be  w r i t t e n ,
f o r  t h e  c a s e  o f  t h e  ^ L i ( p , a ) ^ H e  r e a c t i o n  f o r  p a r t i c u l a r  
1 e v e l s  o f  s p i n  J , a s :
U 2 i  e p)6 p36 P n . p ■s £ p £ ' aJ
^ ^ A p J l ' s 1 ^ y a  ^ A y  
Ay
( 1 1 . 3 8 )
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= E , - E - L °  . ( y .  )Z~l  L° l (  y,  0 , , ) -  I L° ( y .  )X X  aJ 'Xa L p£ L Xp£ s L c Xc
c * a ,  p
( 1 1 . 3 9 )
and
L° n . | Y i „ T „ „  + I L ° n 5 , £  Y ^ n , i s i Y l i n , . c i + I L° c t 'YX c Y|JC)Xy aJ X a ' y a   ^ pA L 'Xp£ s f yp£ s
j l 1 s '  c f a ,  p
( 1 1 . 4 0 )
where  a and p now d e n o t e  t h e  o u t g o i n g  a+a and t h e  i n g o i n g  
2L i + p  c h a n n e l s  r e s p e c t i v e l y .  The l a s t  summat ions  in
( 1 1 . 3 9 )  and ( 1 1 . 4 0 )  a r e  o v e r  a l l  p o s s i b l e  c h a n n e l s  e x c e p t  
t h e  a and t h e  p c h a n n e l s .  S i n c e  f o r  t h e  e x i t  c h a n n e l ,
J = Z , J has been used in p l a c e  o f  Z i n  ( 1 1 . 3 8 )  t o
( 1 1 . 4 0 )  . Channel  s p i n s  have n o t  been shown e x p l i c i t l y  in
w , <J> , P and L° . T h i s  i s  because t h e s e  q u a n t i t i e sc c c c
become i n d e p e n d e n t  o f  ch ann e l  s p i n s ,  i f  we assume channe l  
r a d i i  a r e  c h an ne l  s p i n  i n d e p e n d e n t .  We measure E and EA
A
o
f r o m  t h e  g r o u n d  s t a t e  o f  Be.
o
In t h e  r ange  o f  Be e x c i t a t i o n  e n e r g i e s  f r o m  17 .3  
t o  2 3 . 4  MeV ( i . e .  w i t h i n  t h e  e n e r g y  r ange  o f  
a p p r o x i m a t e l y  7 MeV f o r  i n c i d e n t  p r o t o n s  in t h e  
2 L i ( p , a ) t+Me r e a c t i o n ) ,  t h e  2 L i *  + p c hanne l  o p e n s ' ^  up a t  
1 7 . 7  MeV, 7Ce+n a t  1 8 . 9  MeV, 7Be*+n a t  1 9 . 3  MeV,
5He+T a t  2 1 . 4  MeV, 5 L i + 1 a t  2 1 . 7  MeV, 7 L i * *  + p a t  21.9  MeV
r
and L i + d  a t  2 2 . 3  MeV. Decay t o  a l l  o f  t h e s e  c h a n n e l s
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i s  e n e r g e t i c a l l y  a l l o w e d  and t h i s  may e nh anc e  t h e i r  
c o n t r i b u t i o n  t o  c o l l i s i o n  m a t r i x  e l e m e n t s .  I t  w o u l d  be 
i m p r a c t i c a b l e  t o  i n c l u d e  r e d u c e d  w i d t h  a m p l i t u d e s  
c o r r e s p o n d i n g  t o  a l l  t h e s e  c o m p e t i n g  c h a n n e l s  ( w i t h  a l l  
t h e  a p p r o p r i a t e  s and £ v a l u e s ) .  To t a k e  a c c o u n t  o f  
t h e s e  c h a n n e l s  i n  an a p p r o x i m a t e  way ,  we s u p p o s e  t h a t  
we c h o o s e  Bc f o r  t h e s e  c o m p e t i n g  c h a n n e l s  i n s uc h  a way 
as t o  make i t  equ a l  t o  t h e  a v e r a g e  v a l u e  o f  S c . T h i s  
a p p r o x i m a t i o n  makes S ° c = 0 i n  ( 1 1 . 2 8 ) .  Vie t h e n  hav e  
c o n t r i b u t i o n  f r o m  o n l y  i m a g i n a r y  p a r t s .  F u r t h e r ,  we 
s u p p o s e  t h a t  t h e  e n e r g y  d e p e n d e n c e  o f  Pc f o r  such  
c o m p e t i n g  c h a n n e l s  may be n e g l e c t e d .  A l l  t h i s  a l l o w s  
us t o  a p p r o x i m a t e  t h e  c o n t r i b u t i o n s  f r o m  c o m p e t i n g  
c h a n n e l s  t h r o u g h  t wo c o n s t a n t  w i d t h s ,  i . e .
f A = 2 l  Pc ( Y X c )2 and f Ap = 2 I Pc ( y Acy u c ) 
c f a , p  c + a , p
( 1 1 . 4 1 )
I t  may be n o t e d  t h a t  t h e  w i d t h  f  ^ c o n t r i b u t e s e v e n  when 
o n l y  one l e v e l  w i t h  a p a r t i c u l a r  s p i n  i s  i n t r o d u c e d ,  
w h i l e  t h e  so c a l l e d  ' m i x i n g  w i d t h s ' ,  , c o n t r i b u t e  
o n l y  when t wo o r  more t h a n  t wo l e v e l s  w i t h  t h e  same s p i n  
and p a r i t y  a r e  i n c l u d e d  i n  t h e  a n a l y s i s .  T h i s  a p p r o x i m a t i o n  
due  t o  i t s  e n e r g y  i n d e p e n d e n c e  i s  u n d o u b t e d l y  n o t  a good 
a p p r o x i m a t i o n  a t  l ow e n e r g i e s  wh e r e  no o t h e r  c h a n n e l s
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except the Li+p and the a + a channels are open.
Case with *0' approximations:
To take account of the part J}° , we consider a+a
elastic scattering. The real s- and d-wave phase shifts
below the ^Li+p threshold have been analysed by Barker 
35) 36 )et al and by Barker , using R-matrix theory, in 
+ + 0terms of 0 and 2 states of the Be nucleus. In order 
to fit simultaneously the scattering data and data from 
reactions such as Be(p,d)°Be or Li(3 ) Be it was 
necessary to assume a+a channel radii of the order of 
7 fm., and this implied very broad 0+ and 2+ states ofgBe at excitation energies of about 10 MeV. Other 
levels with very large a-particle widths should occur 
at higher excitation energies, but because they are 
expected to belong to configurations very different 
from the lowest shell model configuration, they should 
have small reduced widths for the other lowest-lying 
particle channels. Thus these levels should contribute 
to the general trend of the real part of the a+a phase 
shifts even when other channels are open, while the 
imaginary parts of the phase shifts and sharp changes in 
the real parts may be attributed to other narrower levels.
Therefore if we take R° to be due to these broad 
levels with reduced widths large for the a-channel and
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z e r o  f o r  a l l  o t h e r  c h a n n e l s ,  we can w r i t e
R° , cc R 6 6 ,GLÖL COL C a ( 1 1 . 4 2 )
The c o m p o n e n t s  R° s h o u l d  be c h o s e n  t o  f i t  t h e  g e n e r a laa
t r e n d  o f  t h e  r e a l  p a r t  o f  t h e  a + a phase  s h i f t s ,  and f o r  
t h i s  p u r p o s e  t h e  o n e - c h a n n e l  a p p r o x i m a t i o n  may be u s e d .  
S i n c e  i s  a p p r o x i m a t e l y  c o n s t a n t  o v e r  t h e  e n e r g y
r a n g e  o f  i n t e r e s t ,  we can c h o o s e  B , = S T h i s  i m p l i e s
( 1 1 . 4 3 )
3 5 )E q u a t i o n  ( 1 )  o f  B a r k e r  e t  a l  ( o r  e q u a t i o n  6 o f  
B a r k e r ^ k ^ )  t h e n  becomes :
R P . aa aJ t a n  (6 aJ «■cud ( 1 1 . 4 4 )
w h e r e  6 ^ i s  t h e  r e a l  p a r t  o f  t h e  a+a s c a t t e r i n g  phas e  
s h i f t  w i t h  J = £ and w i t h  r a p i d  e n e r g y  v a r i a t i o n s  o m i t t e d .  
E x p e r i m e n t a l  v a l u e s  o f  6 ^ have been g i v e n  by 
D a r r i u l a t  e t  a l ^ ^  and have  been s u r v e y e d  by A f z a l  
e t  a 1^  ^ . P u t t i n g
ß . = 6 . + <j> . ( 1 1 . 4 5 )aJ aJ aJ
\
and u s i n g  ( 1 1 . 2 6 ) ,  ( 1 1 . 2 7 )  and ( 1 1 . 4 2 )  t o  ( 1 1 . 4 5 )
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we can w r i t e
Y 1  + 6 ca s i n ( t r . 4 6 )
Then f o r  t h e  p a r t i c u l a r  case o f  t he  ^ L i ( p , a ) ^ H e  r e a c t i o n ,  
f o r  p a r t i c u l a r  v a l u e s  o f  J ,  e x p r e s s i o n s  ( 1 1 . 2 4 ) ,  ( 1 1 . 3 3 )  
and ( 1 1 . 3 2 )  can be w r i t t e n  as :
U ,s 21 e
^ wp&* ^ p £ ' +UJaJ + (^ aJ ^ cos 3aJ p£ 1
^ " X^ p £ 1 s 1 ^ y a  ^ Xy ( 1 1 . 4 7 )
Xy
e x = e a
i 3 ,
c  • n  ad-  E -  i P . eaJ c o s 3aJ { y a )2
- 1 ^ pA 1 ^ ^ X p £  ’ s 1 ) 2 - I L° c ( W 2 ( 1 1 . 4 8 )
l ' s ’ c f a , ■ P
and
5 x y  ■ '
i 3 ,
P . e ad c o s  3 , aJ aJ ^ Xa Yy a + £ LV
A '
^ ^ X p £ ' s '  ^ y p £ ' s '  ^ ^ c ^Xc  ^ y c
s '  c + a , p
wher e  t he  v a r i o u s  n o t a t i o n s  used have been d e s c r i b e d  
e a r l i e r .
B 4 0
For  t a k i n g  a c c o u n t  o f  c o n t r i b u t i o n s  f r o n  c o m p e t i n g
c h a n n e l s  i n  t h e  case o f  ' Q' a p p r o x i m a t i o n s ,  we no l o n g e r
n e g l e c t  t h e  e n e r g y  dependence o f  Pc and do n o t  assume
S ° c = 0,  as done p r e v i o u s l y  f o r  t h e  case o f  P a p p r o x i m a t i o n s .
To make t h i s  a p p r o x i m a t i o n  p r a c t i c a b l e ,  we assume t h a t
t h e  w h o l e  c o n t r i b u t i o n  f r o m  c o m p e t i n g  c h a n n e l s  comes 
7 * 7 7 *t h r o u g h  t h e  Li  +p , Be + n and Be +n c h a n n e l s ,  and
t h r o u g h  p-wave  n u c l e o n s  a l o n e .  C o n t r i b u t i o n s  f r o m  t h e s e
c h a n n e l s  a r e  t a k e n  i n t o  a c c o u n t  f r o m  t h e  e n e r g i e s  where
t h e y  open up .  The i n d e p e n d e n t  p a r a m e t e r s  i n  t h i s
a p p r o x i m a t i o n  a r e  t h e  r e duce d  w i d t h  a m p l i t u d e s .  As o n l y
7 *c h ann e l  s p i n  1 can c o n t r i b u t e  f o r  t h e  Li  +p c h a n n e l ,
o n l y  one r e duce d  w i d t h  a m p l i t u d e  i s  r e q u i r e d  f o r  each
l e v e l  ( f o r  J = 0 and f o r  J = 2 o n l y ) .  The re duc ed  w i d t h
7 7 *a m p l i t u d e s  f o r  t h e  Be+n and Be +n c h a n n e l s  a r e  t a k e n
t o  be t h e  same, as t h o s e  f o r  t h e  c o r r e s p o n d i n g  ^ L i + p  and 
7 *Li  +p c h a n n e l s .  T h i s  way,  no a d d i t i o n a l  r educed  w i d t h
7 7 *a m p l i t u d e s  a r e  i n t r o d u c e d  f o r  t h e  Be+n and Be +n 
c h a n n e l s .  The a p p r o x i m a t i o n  o f  n e g l e c t i n g  t h e  o t h e r  
open c h a n n e l s  i s  e x p e c t e d  t o  become wor se  a t  h i g h e r  
p r o t o n  e n e r g i e s .  As a r e s u l t  o f  t h i s ,  t h e  p a r a m e t e r s  
f o r  t h e  l e v e l s  l y i n g  a t  e n e r g i e s  h i g h e r  t h a n
g
a p p r o x i m a t e l y  22 MeV in t h e  Be n u c l e u s ,  a r e  e x p e c t e d
t o  be l e s s  r e l i a b l e .
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The v a r i o u s  e x p r e s s i o n s  c o l l e c t e d  i n  t h i s  s e c t i o n
can be used t o  f i t  t h e  e x p e r i m e n t a l  d a t a  o f  t h e  
7 4L i ( p , a )  He r e a c t i o n  i f  some needed q u a n t i t i e s  a r e
s p e c i f i e d .  These q u a n t i t i e s  a r e  t h e  numbers o f  0+ ,
+ + 3
2 and 4 s t a t e s  o f  t h e  Be n u c l e u s ,  t h e  v a l u e s  o f  a ,c
B , E, and y ,  , and t h e  c o n t r i b u t i o n s  f r o m  c o m p e t i n g
C A AC
c h a n n e l s .  In g e n e r a l ,  t o  keep t h e  number o f  f r e e  
p a r a m e t e r s  as s ma l l  as p o s s i b l e ,  t h e  v a l u e s  o f  a a n d  Bc 
a r e  k e p t  f i x e d .  Then f o r  a p a r t i c u l a r  c o m b i n a t i o n  o f  
l e v e l s ,  one a t t e m p t s  t o  o b t a i n  a f i t  by v a r y i n g  t h e  
v a l u e s  o f  , y ^ c , and , i f ,  f o r  e x am pl e ,
P a p p r o x i m a t i o n s  a r e  u sed .
In o u r  a n a l y s i s ,  we t a k e  a c t o  be i n d e p e n d e n t  o f  J .
For  n u c l e o n  c h a n n e l s ,  we f i x  ac by u s i n g  t h e  c o n v e n t i o n a l
, . 30)  .c h o i c e  , I . e .
1 1
a = 1 .4 5  (A 3 + A 3 ) fm.  ( 1 1 . 5 0 )
C 1 L
For t h e  a - c h a n n e l s ,  we choose  a = 6 .5  fm.  f o r  t h e  casea
w i t h  P a p p r o x i m a t i o n s  and a^ = 6 .0  fm.  f o r  t h e  case 
w i t h  Q a p p r o x i m a t i o n s .  These v a l u e s  o f  a^ l i e  i n  t h e
r e g i o n  o f  v a l u e s  o b t a i n e d  f r o m  t h e  a n a l y s e s ^  '  o f  
t h e  a+a s c a t t e r i n g  d a t a .  i t  may, ho we ve r ,  be n o t e d  a t  
t h i s  p l a c e  t h a t  i f  one uses t h e  Q a p p r o x i m a t i o n s ,  one
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has some d i f f i c u l t i e s  in  t h e  s e l e c t i o n  o f  v a l u e s  f o r  a .a
I t  can be seen f r o m  ( 1 1 . 4 7 )  t h a t  t h e  c o l l i s i o n  m a t r i x  
e l e m e n t s  U f ^ , v a n i s h  a t  e n e r g i e s  f o r  w h i c h
= ( 2 n + l )  tt/ 2 .  Such e n e r g i e s  depend on J and t h e
c h o i c e  o f  t h e  c hanne l  r a d i u s  a . The above c h o i c e  o fa
a^  i n  t h e  case  o f  Q a p p r o x i m a t i o n s  a v o i d s  t he s e
d i f f i c u l t i e s .  F u r t h e r ,  f o r  a - c h a n n e l s  we t a k e  B = 0 ,c
w h i l e  f o r  n u c l e o n  c h a n n e l s  we t a k e  B = 0 in t h e  casec
o f  P a p p r o x i m a t i o n s  and B = - £ '  i n  t h e  case o f  0c
a p p r o x i m a t i o n s .  I t  i s  p r o b a b l y  t r u e  t h a t  any v a l u e  o f
Bc can g i v e  e q u a l l y  good f i t s  t o  t h e  d a t a ,  b u t  t he
p a r a m e t e r s  g i v i n g  t h e  f i t s  a r e  n e a r e s t  t o  t h e i r  ' c o r r e c t '
v a l u e s  i f  B i s  c h o s e n ^"’ 7 near  t o  o r  more n e g a t i v e  c
t h a n  t h e  a v e r a g e  v a l u e  o f  S c in t h e  e n e r g y  r e g i o n  un de r
c o n s i d e r a t i o n .  The c h o i c e  o f  B v a l u e s  f o r  n u c l e o nc
c h a n n e l s  i n  t h e  case o f  Q a p p r o x i m a t i o n s  s a t i s f i e s  t h i s .
Once a c and Bc have been s p e c i f i e d ,  t h e  number o f
f r e e  p a r a m e t e r s  ( f . p . )  w h i c h  need be c o n s i d e r e d  f o r  
each l e v e l  o f  p a r t i c u l a r  s p i n  a r e :
f o r 0 ; f . p .  
2 ;
4 ;
r Ay a l s o ' i f  \
\  + [ P a p p r o x i m a t i o n
i s used / ( I I . 5 1 )
The v a r i o u s  p a r a m e t e r s  w h i c h  may have t o  be k e p t  f r e e  
a re  shown i n  t a b l e  ( I I . 1 ) .  S i n c e  a l l  t h e s e  f r e e
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p a r a m e t e r s  have t o  be d e t e r m i n e d  f r o m  e x p e r i m e n t a l  d a t a /
one i s  f o r c e d  t o  keep as few l e v e l s  as p o s s i b l e  i n  t he
a n a l y s i s  o f  t h i s  r e a c t i o n .  R e d u c t i o n  o f  one f r e e
p a r a m e t e r  f o r  each 2+ and 4+ l e v e l s  may be a c h i e v e d  by
p u t t i n g  a c o n s t r a i n t  on t h e  f - w a v e  re duc ed  w i d t h
a m p l i t u d e s  in t h e  i n c i d e n t  c h a n n e l .  I f  one assumes t h a t
3 -
t h e  f - w a v e  i n c i d e n t  p r o t o n s  w h i c h  combine w i t h  t h e  y
7 + +
g r oun d  s t a t e  o f  Li  t o  g i v e  2 and 4 s t a t e s  b e l o n g  t o
t h e  f o rm  f y  / t h e n  t h e  r a t i o s  o f  £ ’ = 3 r educed  w i d t h  
2
a m p l i t u d e s  f o r  d i f f e r e n t  c hanne l  s p i n s  may be r e s t r i c t e d  
by :
A p 3 2 ^ A p 31 ( f o r  J = 2)
( 1 1 . 5 2 )
and YAp32 YAp31 ( f o r  J = 4)
The use o f  c o n d i t i o n s  ( 1 1 . 5 2 )  t h e n  l e a v e  6 & 4 f r e e
+ +
p a r a m e t e r s  f o r  each 2 and 4 l e v e l s  r e s p e c t i v e l y .
Once t h e  v a l u e s  o f  a and B have been f i x e d ,  andc c
a p a r t i c u l a r  c o m b i n a t i o n  o f  s t a t e s  o f  d e f i n i t e  s p i n s  
( supposed  t o  be c o n t r i b u t i n g  t o  t h e  ^ L i ( p / a ) t+He r e a c t i o n  
d a t a )  have been s e l e c t e d ,  t h e  l e v e l  p r o p e r t i e s  and 
e t c .  a r e  a s s i g n e d  t o  t h e s e  s t a t e s  and t h e  v a l u e s  o f  
a t  / B|_ and A^ a r e  comp ut ed .  The t e s t  o f  t h e  a gr eemen t
between the calculated and the observed values is made by
2computing the x / I.e.
X
"1
z
j =1
(°tof(J) - °tot(J).2 + \ tcPk(J) - (J).2
(j)tot k = l C 2k( J }
n2 3 (A2k(j') - Ä2k(j') 2
+ z
j '=1 k=l
(11.53)
C 2kU-)
where the quantities with or without bars in the
numerators are the calculated and the experimental values
respectively, and the quantities in the denominators are
the errors in the experimental values. Labels j and j'
count the different energies E. and E., at which the
j j
experimental measurements have been made. Polarized and 
unpolarized data of the ^Li(p,a)^He reaction are available 
at different energies, and that is why they have been 
separated in (11.53). If the original fit to the 
experimental data is not good, the level parameters E ,A
Y^c etc. are varied in an attempt to obtain a minimum in 
2X . If even then a good fit cannot be achieved, the 
original assumption of contributing levels is changed and 
the whole procedure is repeated again. This procedure is 
continued till a good fit is obtained. Sometimes values 
of ac are also varied in an attempt to obtain a better fit
to the experimental data.
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S e c t  i on  I I P : P r e v i o u s  A n a l y s e s  
To o b t a i n  i n f o r m a t i o n  a b o u t  t h e  p r o p e r t i e s  o f  even
g
s p i n  and p o s i t i v e  p a r i t y  l e v e l s  o f  Be l y i n g  a t  a b o u t  20
MeV e x c i t a t i o n  e n e r g y ,  many a t t e m p t s  have been made a t
7 4a n a l y s i n g  t h e  e x p e r i m e n t a l  d a t a  o f  t h e  L i ( p , a )  He 
r e a c t i o n .  The outcome o f  t h e s e  a t t e m p t s  i s  w i t h o u t  any 
c o n c l u s i v e  r e s u l t s  so f a r .  D i f f e r e n t  g r o up s  o f  w o r k e r s  
have t r i e d  t o  e x p l a i n  t h e  d a t a  o f  t h i s  r e a c t i o n  i n  
d i f f e r e n t  e n e r g y  ranges  (many t i m e s  d e p e n d i n g  upon t h e  
a v a i l a b i l i t y  o f  d a t a  a t  t h e  t i m e  o f  a n a l y s i s ) ,  w i t h  t h e  
use o f  d i f f e r e n t  f o r m a l i s m s ,  by v a r y i n g  d i f f e r e n t  s e t s  
o f  p a r a m e t e r s  and u s i n g  d i f f e r e n t  s p i n  v a l u e s  f o r  
c o n t r i b u t i n g  l e v e l s .  A summary o f  t h e  a s s u m p t i o n s  used 
and o f  t h e  r e s u l t s  o b t a i n e d  in  p r e v i o u s  a n a l y s e s  i s  
p r e s e n t e d  i n  t a b l e  ( 1 1 . 2 ) .  On ly  t h o s e  p o i n t s  a r e  g o i n g  
t o  be d i s c u s s e d  i n  t h e  t e x t  w h i c h  a r e  n o t  i n c l u d e d  
e x p l i c i t l y  i n  t h e  t a b l e ,
17)C h r i s t y  and Rub i n  have o b s e r v e d  t h a t  t h e y  can 
f i t  t h e  u n p o l a r i z e d  d a t a  o f  t h i s  r e a c t i o n  w i t h i n  t h e  
e n e r g y  rarrge o f  0 . 4  t o  1 . 4  MeV e q u a l l y  w e l l  w i t h  t h e  
a s s u m p t i o n  o f  e i t h e r  two 2+ l e v e l s  o r  by one 0+ and one 
2+ l e v e l s .  Out  o f  t h e s e  two p o s s i b l e  c o m b i n a t i o n s  o f  
l e v e l s ,  C h r i s t y  and Rubin  have r emarked  t h a t  o n l y  t h e  
f i r s t  c o m b i n a t i o n  ( i . e .  o f  two 2+ l e v e l s )  i s  a b l e  to
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e x p l a i n  t h e  p r o t o n  w i d t h  f o r  t h e  0 .44  MeV y - r e s o n a n c e  i n
7 10-12  19)t h e  L i + p  r e a c t i o n .  T h i s  has l ed  many a u t h o r s  '
^ ) + + 
t o  i g n o r e  t h e  c o m b i n a t i o n  o f  a 0 and a 2 l e v e l  i n
18)C h r i s t y - R u b i n 1s a n a l y s i s .  On t h e  o t h e r  hand,  I n g l i s  
+ +
has used one 2 and a 0 b a ck g r o u n d  l e v e l  t o  e x p l a i n  t h e
u n p o l a r i z e d  d a t a  o f  t h i s  r e a c t i o n  up t o  3 MeV e n e r g i e s .
Thus i f  o n l y  t h e  f i r s t  c o m b i n a t i o n  o f  l e v e l s  i n
C h r i s t y - R u b i n 1s a n a l y s i s  i s  t a k e n  i n t o  a c c o u n t ,  t h e r e  i s
a m b i g u i t y  between t h e  r e s u l t s  o f  C h r i s t y - R u b i n  and o f
19 )I n g l i s .  W o l f e n s t e i n  has t r i e d  t o  r e s o l v e  t h i s
d i s c r e p a n c y  by u s i n g  p o l a r i z a t i o n  c o n s i d e r a t i o n s .  S i n c e
no p o l a r i z a t i o n  d a t a  was a v a i l a b l e  on t h i s  r e a c t i o n  a t
t h e  t i m e  o f  h i s  s t u d y ,  W o l f e n s t e i n  gave a f a m i l y  o f
c u r v e s  g i v i n g  P ( 0 )  as a f u n c t i o n  o f  e n e r g y  by u s i n g  t h e  a
p a r a m e t e r s  o f  b o t h  I n g l i s  and o f  C h r i s t y  and R u b i n .
Many e x p e r i m e n t a l i s t s ^  ^  have compared t h e i r  
e x p e r i m e n t a l  r e s u l t s  w i t h  Wo 1f e n s t e i n 1s t h e o r e t i c a l
* )  I t  seems we c a n n o t  i g n o r e  t h e  c o m b i n a t i o n  o f  a 0+ 
and a 2+ l e v e l  i n  t h e  a n a l y s i s  o f  C h r i s t y  and Rub in  as 
done e a r l i e r  by many a u t h o r s .  The a rg ume nt  o f  C h r i s t y  
and Rub in  a b o u t  t h e  m a t c h i n g  o f  t h e  c a l c u l a t e d  p r o t o n  
w i d t h  f o r  t h e  0 .4 4  MeV y - r e s o n a n c e  w i t h  t h e  e x p e r i m e n t a l  
w i d t h  i s  no l o n g e r  a p p l i c a b l e  now. T h i s  r e so na n ceg
c o r r e s p o n d s  t o  a 17 .6 4  MeV l e v e l  o f  Be w h i c h  has been 
a s s i g n e d " ^  a s p i n  and p a r i t y  o f  1+ . Such a l e v e l  c a n n o t  
be e x c i t e d  in t h e  p r e s e n t  r e a c t i o n .
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c u r v e s  in an a t t e m p t  t o  d e t e r mi n e  t he  s p i n s  of  t he
i n vo l ve d  l e v e l s .  From an a t t e m p t  o f  t h i s  k i nd ,
1 1 )A n t o u f i e v  e t  al  have i n d i c a t e d  t h a t  in t he  low ener gy  
7 4r e g i o n  t h e  L i ( p , a )  He r e a c t i o n  goes t h r ough  t he
+ 8f o r m a t i o n  o f  two 2 l e v e l s  o f  t h e  Be compound n u c l e u s .
Such a r e s u l t  was a l s o  a r r i v e d  a t  by Be a r pa r k  e t  a l * ^
but  t he y  had many doub t s  a b o u t  i t s  v a l i d i t y .  La t e r  on,
As f our  e t  al  have e x t e nde d  W o l f e n s t e i n ' s t h e o r e t i c a l
c u r ve s  up t o  Ep = 3.5 MeV and have found no c o r r e s p o n d e n c e
between t h e  t h e o r e t i c a l  and t h e  ob s e r v e d  v a l u e s  above
1 2 )2 MeV e n e r g i e s .  Thi s  has l ed  As f our  e t  al  t o  s u g g e s t
1 1 )t h a t  t he  e a r l i e r  s u g g e s t i o n  o f  An t o u f i e v  e t  al  in 
f a v o u r  o f  t h e  c o mb i n a t i o n  of  two 2+ l e v e l s  may not  be 
t a ke n  s e r i o u s 1y .
The f i r s t  s i m u l t a n e o u s  f i t t i n g  o f  t , B^ and
P (0)  d a t a  o f  t h i s  r e a c t i o n  has been a t t e m p t e d  by Lux, a
who f i t t e d  t h e s e  d a t a  up t o  a bou t  3 MeV e n e r g i e s  by
*4"
u s i n g  two 2 and one 0 l e v e l s .  Ful l  d e t a i l s  abou t
* )Lux' s  work a r e  not  a v a i l a b l e
*) Lux d i d  no t  g e t  h i s  work p u b l i s h e d .  We have
e x t r a c t e d  t he  i n f o r m a t i o n  a bou t  h i s  work from Da r d e n ' s  
2 0 )r e p o r t  in an I n t e r n a t i o n a l  Con f e r e nc e ,  and f rom t he  
2 0 )a b s t r a c t  o f  Lux' s  t h e s i s  in D i s s e r t a t i o n  A b s t r a c t s .
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Freeman and Mani  have f i t t e d  t h e  Gt o t  d a t a  o f  t h i s  
r e a c t i o n  f r om  1 .4  t o  7 MeV e n e r g i e s  w i t h  t h e  a s s u m p t i o n  
o f  two 2 l e v e l s .  They have n o t  a t t e m p t e d  t o  f i t  t h e  
B[_ d a t a  b u t  have o b s e r v e d  t h a t  t h e  p a r a m e t e r s * ^  w h i c h  f i t  
t h e  Gt o t  d a t a  do n o t  t h e  Bl d a t a .
21)R e c e n t l y  B o r s a r u  e t  a l  have a t t e m p t e d  t h e  most  
c o m p r e h e n s i v e  a n a l y s i s  o f  t h i s  r e a c t i o n  f i t t i n g  a
t o t '
Bl and P (0 )  d a t a  w i t h i n  t h e  e n e r g y  range  o f  1 .4  t o  7 MeV 
and by u s i n g  t h r e e  2 l e v e l s .  T h e i r  a n a l y s i s  a p p e a r s  t o  
be w rong  as t h e y  have used t h e  t h r e e  l e v e l  f o r m u l a e  o f  
Lane and Thomas  ^ w h i c h  seem t o  have s i g n  e r r o r s  ( s e e  
f o o t n o t e  on page B33) .
Both  F re e m a n - M a n i 2  ^ and B o r s a r u  e t  a l 2 1  ^ have 
i n c l u d e d  t h e  c o n t r i b u t i o n s  f r o m  c o m p e t i n g  c h a n n e l s  i n  
t h e  manner  o f  o u r  1P1 a p p r o x i m a t i o n  as d i s c u s s e d  in 
s e c t i o n  I 1C. Both  q u o t e  e i g e n e n e r g i es o f  l e v e l s  in
t h e i r  p a p e r s ,  b u t  s i n c e  B o r s a r u  e t  a l  have p u t  = 0
Ay
( f o r  t h e  case o f  a s i n g l e  l e v e l ,  i s  t h e  l e v e l  s h i f t ) ,
f )  Some o f  t h e  e n t r i e s  i n  t a b l e  2 o f  Freeman and M a n i ' s  
paper  seem t o  be i n c o r r e c t ,  m a k in g  t h e i r  p a r a m e t e r  
v a l u e s  d o u b t f u l .
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t h e y  have a l s o  r e f e r r e d  t o  them as r e s ona nc e  e n e r g i e s .  
As Freeman-Mani  and B o r s a r u  e t  a l  have used m u l t i - l e v e l  
R - m a t r i x  f o r m u l a e  and have used m i x i n g  w i d t h s ,  t h e r e  i s  
no s i m p l e  way t o  c a l c u l a t e  t h e  w i d t h s  o f  t h e i r  l e v e l s .  
Thus i n  t h e  co lumns o f  t h e s e  a u t h o r s  in  t a b l e  ( I  1 . 2 ) ,  
q u o t e d  l e v e l  e n e r g i e s  a r e  e i g e n e n e r g i e s , and l e v e l  
w i d t h s  have n o t  been i n c l u d e d .
The 3 . 0  and 5 .6  MeV peaks in a.  . c u r v e  o f  t h i st o t
r e a c t i o n  (see f i g u r e  1 1 . 2 )  c o r r e s p o n d  t o  e x c i t a t i o n  
e n e r g i e s ,  E , o f  19 .9  and 2 2 . 1  MeV r e s p e c t i v e l y  i n  t he
X8 0 y ^
°Be n u c l e u s .  From t h e  a n a l y s i s  o f  t h e  L i ( d , a )  ne
2 ) +r e a c t i o n  d a t a ,  Freeman and Mani  have p r e d i c t e d  a 2
o
l e v e l  a t  E = 22 .5 4  MeV i n  Be. These a u t h o r s  have n o t
A
i n c l u d e d  a n o t h e r  2+ l e v e l  a t  E = 2 2 . 1  MeV in  t h e i r
X
a n a l y s i s .  L a u r i t s e n  and A j z e n b e r g - S e 1ove have o b s e r v e d
in  t h e i r  c o m p i l a t i o n " ^  t h a t  t h e  e x c i t a t i o n  e n e r g i e s  o f
2 2 . 1  and 22 .54  MeV p r o b a b l y  c o r r e s p o n d  t o  t h e  same 
8 21)l e v e l  i n  Be. B o r s a r u  e t  a l  have assumed in  t h e i r  
a n a l y s i s  t h a t  t h e  e x c i t a t i o n  e n e r g i e s  o f  1 9 . 9 ,  22.2 and
2 2 . 54  MeV g i v e  r i s e  t o  t h r e e  2+ l e v e l s  i n  ^Be.  A f t e r
f i x i n g  t h e s e  e n e r g i e s ,  t h e y  have o b t a i n e d  t h e  f i t  t o  
7 4t h e  L i ( p , a )  He r e a c t i o n  d a t a  by v a r y i n g  y,  e t c .  I t
A C
may t he n  be n o t e d  t h a t  t h e  c o n s i d e r a t i o n  o f  22.2  and
22 .5 4  MeV e x c i t a t i o n  e n e r g i e s  as g i v i n g  r i s e  t o  two
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g
s e p a r a t e  l e v e l s  i n  Be may n o t  be j u s t i f i e d  i n  v i e w  o f  
t h e  o b s e r v a t i o n  o f  L a u r i t s e n  and A j z e n b e r g - S e l o v e .
( I t  may a l s o  be i n t e r e s t i n g  t o  n o t e  a t  t h i s  p l a c e  t h a t
39 )t h e  e x t e n s i v e  s h e l l  model  c a l c u l a t i o n s  o f  C o h e n - K u r a t h  , 
o f  B a r k e r 1^ ,  and o f  t h e  a u t h o r  g i v e n  i n  p a r t  I o f  t h i s  
t h e s i s ,  do n o t  p r e d i c t  mor e  t h a n  t wo 2+ l e v e l s  i n  t h e
g
e n e r g y  r a n g e  o f  19 t o  23 MeV i n  B e . )
A s t u d y  o f  t a b l e  ( 1 1 . 2 )  and a c o n s i d e r a t i o n  o f  t h e  
f o r e g o i n g  d i s c u s s i o n  c l e a r l y  i n d i c a t e s  t h a t  t h e  r e s u l t s  
o f  d i f f e r e n t  a n a l y s e s  a r e  n o t  c o n s i s t e n t  w i t h  each  
o t h e r ,  and even a f t e r  many a t t e m p t s  t h e  s i t u a t i o n  i s  
r a t h e r  c o n f u s i n g  and i n c o n c l u s i v e .
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S e c t i o n  M E :  C o m p u t e r  P r o g r a m
*)T h e  c o m p u t e r  p r o g r a m  w h i c h  we h a v e  w r i t t e n  f o r
t h e  p r e s e n t  s t u d y  c a n ,  f o r  c l a r i t y ' s  s a k e ,  be  b r o k e n
u p  i n t o  t h r e e  m a i n  s e c t i o n s  A ,  B a n d  C w h i c h  may  be
l a b e l l e d  a s  MA I N  p r o g r a m ,  s u b r o u t i n e  F I T T E M  a n d
f u n c t i o n  FUNVAL r e s p e c t i v e l y .  T h e s e  s e c t i o n s  a n d
t h e i r  s u b - s e c t i o n s  a r e  s h o w n  i n  t h e  g e n e r a l  f l o w - c h a r t
i n  f i g u r e  ( I I . 4 ) .  I n  t h e  f i r s t  s u b - s e c t i o n  o f  t h e
MAI N  p r o g r a m ,  b o t h  s e t s  o f  e n e r g i e s  E.  a n d  E j ,  , a l o n g
w i t h  c t o t ( j ) ,  B ^ ( j )  a n d  A L ( j 1 ) v a l u e s ,  a n d  t h e
a s s o c i a t e d  e r r o r s  £ C j ) ,  C ? ( j )  a n d  C ^ ( j ' )  a r e  r e a d
0 t o  t
f r o m  d a t a  c a r d s .  I n  t h e  s e c o n d  s u b - s e c t i o n ,  a a n d  B
c c
v a l u e s  a r e  r e a d  a n d  C o u l o m b  f u n c t i o n s  P , (}) a n d  S
c c c
a r e  c o m p u t e d  a t  e a c h  s e t  o f  e n e r g i e s  E.  a n d  E j , w i t h  
t h e  u s e  o f  a n  A N U ' s c o m p u t e r  c e n t r e  l i b r a r y  s u b r o u t i n e  
HACOOL.  A l l  t h e  s t o r e d  d a t a  o f  t h e  f i r s t  a n d  t h e  s e c o n d  
s u b - s e c t i o n s  o f  t h e  MA I N  p r o g r a m  e x i s t s  i n  t h e  COMMON 
a r e a  l i n k i n g  t h e  MAI N p r o g r a m  a n d  t h e  f u n c t i o n  FUNVAL 
a n d  c a n  t h u s  a l s o  be  u s e d  i n  t h e  f u n c t i o n  p a r t  o f  t h e  
p r o g r a m .  I n  t h e  t h i r d  s u b - s e c t i o n ,  f o r  a p a r t i c u l a r
* )  C o m p u t e r  p r o g r a m  d e s c r i b e d  i n  t h i s  s e c t i o n  i s  
w i t h  t h e  u s e  o f  o u r  * P * a p p r o x i m a t i o n s .  O n l y  m i n o r  
c h a n g e s  h a v e  t o  be  i n t r o d u c e d  i f  ' O '  a p p r o x i m a t i o n s  
a r e  u s e d ,  w i t h  t h e  g e n e r a l  f o r m a t  r e m a i n i n g  t h e  s a me .
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Figure (11.4): General flow-chart of the computer 
program for the analysis of the 
^Li(p/a)t+He reaction data.
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f i x e d  number  o f  l e v e l s  o f  d e f i n i t e  s p i n ,  i n i t i a l
s t a r t i n g  v a l u e s  o f  E^ , y ^ c , and , and t h e
a d m i s s i b l e  s t e p s  t h r o u g h  w h i c h  t h e s e  q u a n t i t i e s  can be
v a r i e d  i n i t i a l l y ,  a r e  r e a d  f r o m  d a t a  c a r d s  and a r e
s t o r e d  f o r  l a t e r  u s e .  A f t e r  t h i s ,  t h e  p r o g r a m e n t e r s
i t s  s e c on d  phas e ,  t h e  f i t t i n g  p h a s e ,  w h e r e  i t  c ompu t es
a g a i n  and a g a i n  i n  an o r d e r e d  f a s h i o n  t o  l o c a t e  a 
2
mi n i mum i n  x • T h i s  p h a s e ,  w h i c h  i n c l u d e s  s e c t i o n s  C 
and B, c o n t a i n s  t h e  f u n c t i o n  FUNVAL and t h e  ANU' s 
c o m p u t e r  c e n t r e  l i b r a r y  s u b r o u t i n e  FI TTEM.  The f u n c t i o n  
p a r t  o f  t h e  p r o g r a m c o n t a i n s  a l l  t h e  e x p r e s s i o n s  f o r  
a t o t  '  anc* c o e f f  • c i e n t s  as w e l l  as t h e  l i n k i n g  
e x p r e s s i o n s  w i t h  l e v e l  p r o p e r t i e s .  I n t h e  f i r s t  p a r t  
o f  t h i s  s e c t i o n ,  c u r r e n t  v a l u e s  o f  t h e  v a r i a b l e  
p a r a m e t e r s  E^,  y ^ c , and , and t h e  s t o r e d  v a l u e s  
o f  Coul omb f u n c t i o n s  P , Sc e t c .  a r e  used  t o  c omp u t e  
t h e  c o l l i s i o n  m a t r i x  e l e m e n t s  U s , , j  ( f r o m  d i f f e r e n t
e x p r e s s i o n s  d e p e n d i n g  upon  t h e  number  o f  l e v e l s  o f  
same s p i n )  a t  b o t h  s e t s  o f  e n e r g i e s  Ej  and Ej  v . The 
v a l u e s  o f  t h e s e  m a t r i x  e l e m e n t s  a r e  t h e n  used  i n  t h e  
s ec ond  p a r t  o f  t h i s  s e c t i o n  t o  c omp u t e  ^ ( j ) ,  and 
t h e  B ^ ( j )  and A ^ ( j ' )  c o e f f i c i e n t s .  The s e  a r e  t h e n  
c ompar ed  w i t h  t h e i r  e x p e r i m e n t a l  c o u n t e r p a r t s ,  i n  t h e  
t h i r d  p a r t  o f  t h i s  s e c t i o n ,  t o  s u p p l y  t h e  c u r r e n t  
v a l u e  o f  x 2 t o  t h e  f i t t i n g  s u b r o u t i n e  FI TTEM.
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2
The f i t t i n g  p r o g r a m  i n  s e c t i o n  B c h e c k s  t h e  v a l u e s  o f  x
a f t e r  each  c y c l e  and makes d e c i s i o n s  on t h e  b a s i s  o f
2 -  
v a r i a t i o n s  i n  x w i t h  c h a n g e s  i n  E^,  y ^ ,  and
v a l u e s  i n  d i f f e r e n t  d i r e c t i o n s .  The p r o g r a m  s t a y s  i n
2
t h e  f i t t i n g  phase  as l o n g  as i t  i s  a b l e  t o  d e c r e a s e  x »
A f t e r  t h i s  i t  goes  b a c k  t o  t h e  MAIN p r o g r a m  i n  s e c t i o n  A
wh e r e  i t  p r i n t s  o u t  t h e  f i n a l  r e s u l t s  o f  c o m p a r i s o n  i n
p l o t t e d  and t a b u l a r  f o r m s .  I f  d e s i r e d /  t h e  p r o g r a m  a t
t h i s  s t a g e  can be made t o  go bac k  t o  e i t h e r  o f  t h e
s e c o n d  o r  t h e  t h i r d  s u b - s e c t i o n s  o f  t h e  MAIN p r o g r a m /
wh e r e  i t  can r e a d  new s e t s  o f  s t a r t i n g  v a l u e s  f o r  a c and
B o r  o f  E , ,  y ,  e t c .  and can s t a r t  t h e  f i t t i n g  
C A A C
p r o c e d u r e  a f r e s h .
L o o k i n g  a t  t h e  t i m e  c o n s u m p t i o n  i n  v a r i o u s  p a r t s  o f
t h i s  p r o g r a m ,  i t  may be n o t e d  t h a t  mos t  o f  t h e
c o m p u t a t i o n a l  t i m e  i s  s p e n t  i n  t h e  f i t t i n g  phas e  w h e r e
c a l c u l a t i o n s  have t o  be p e r f o r m e d  a g a i n  and a g a i n  i n  an
2
a t t e m p t  t o  a c h i e v e  a mi n i mum i n  x • Out  o f  t h e  f i t t i n g  
p h a s e ,  mos t  o f  t h e  a c t u a l  c o m p u t a t i o n a l  t i m e  goes  t o  
s e c t i o n  C wh e r e  l e n g t h y  a l g e b r a i c  c a l c u l a t i o n s  a r e  
i n v o l v e d .  The number  o f  t i m e s  t h e  c a l c u l a t i o n s  have  t o  
be c a r r i e d  o u t  i n  s e c t i o n  C i s  d e t e r m i n e d  by t h e  f i t t i n g  
s u b r o u t i n e  FITTEM wh e r e  a l l  t h e  d e c i s i o n  m a k i n g  i s  
i n v o l v e d .  Thus t h e  o v e r a l l  c o m p u t a t i o n a l  t i m e  needed
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f o r  t h i s  s t u d y  i s  h i g h l y  d e p e n d e n t  o n  t h e  e f f i c i e n c y  o f
t h e  f i t t i n g  s u b r o u t i n e  i n  p r o c e e d i n g  t o w a r d s  a m i n i m u m  
2
i n  x  • A p a r t  f r o m  a l l  t h i s ,  t h e  c o m p u t a t i o n a l  t i m e  
n e e d e d  f o r  s u c h  a s t u d y  i s  d e p e n d e n t  o n  some o t h e r  
f a c t o r s  a s  w e l l .  When  a l a r g e  n u m b e r  o f  p a r a m e t e r s  
( o f  t h e  o r d e r  o f  20 o r  30 a s  i n  t h e  c a s e  o f  t h e  p r e s e n t  
s t u d y )  a r e  v a r i e d  a t  a t i m e ,  t w o  t h i n g s  w h i c h  b e c o m e  
i m p o r t a n t  a r e  t h e  i n i t i a l  s t a r t i n g  v a l u e s  o f  p a r a m e t e r s  
a l o n g  w i t h  t h e i r  a d m i s s i b l e  s t e p s ,  a s  w e l l  a s  t h e  o r d e r  
i n  w h i c h  t h e  p a r a m e t e r s  a r e  c h a n g e d  i n  t h e  f i t t i n g  
s u b r o u t i n e .  I t  i s  f o u n d  t h a t  t h e  q u a l i t y  o f  t h e  f i n a l  
f i t  a n d  t h e  t i m e  t a k e n  b y  t h e  c o m p u t e r  i n  a r r i v i n g  a t  a 
s o l u t i o n  d o e s  d e p e n d  o n  t h e s e  t w o  c o n d i t i o n s .  S i n c e  a l l  
t h e  p a r a m e t e r s  a r e  c o r r e l a t e d ,  t h e  c h a n g e s  i n  t h e  f i r s t  
f e w  c h a n g e d  p a r a m e t e r s  d o  a f f e c t  t h e  w a y  i n  w h i c h  t h e  
r e m a i n i n g  p a r a m e t e r s  a r e  c h a n g e d .
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S e c t i o n  11F : P r e s e n t  F i t s  and R e s u l t s
The t o t a l  c r o s s - s e c t i o n  c u r v e  o f  t h e  ^ L l ( p , a ) ^ H e
r e a c t i o n  seems t o  he d o m i n a t e d  by two peaks l y i n g  a t
equa l  t o  3 .0  and 5 .6  MeV. To d e t e r m i n e  t h e  p r o p e r t i e s
o f  l e v e l s  c o n t r i b u t i n g  t o  t h e s e  two peaks ,  we have
a t t e m p t e d  t o  a n a l y s e  t h e  d a t a  o f  t h i s  r e a c t i o n  up t o
7 MeV p r o t o n  e n e r g i e s .  A c o m p a r i s o n  o f  t h e  r e l a t i v e
m a g n i t u d e s  o f  and c o e f f i c i e n t s  ( see f i g u r e s  11.2
and I 1 .3 )  shows t h a t  t h e  anc  ^ ^2 c o e f f ' c ' e n t s  a r e
b i g g e r  i n  m a g n i t u d e  t h a n  t h e  A^,  and Ag, Bg c o e f f i c i e n t s .
T h i s  seems t o  i n d i c a t e  t h a t  t h e  ma in  c o n t r i b u t i o n  t o  t h e
e x p e r i m e n t a l  d a t a  o f  t h i s  r e a c t i o n  comes f r om  p-wave
i n c i d e n t  p r o t o n s .  P r e v i o u s  a n a l y s e s  o f  t h e s e  d a t a  show
t h a t  a t  l e a s t  two 2+ l e v e l s  a r e  needed f o r  e x p l a i n i n g
t h e  3 . 0  and 5 .6  MeV peaks i n  t h e  o .  . c u r v e  and t h a t  t h et o t
e x p l a n a t i o n  o f  A^ and Bg d a t a  needs some f u r t h e r  l e v e l s .
The method o f  a n a l y s i s  t h e n  shows t h a t  one may have t o
dea l  w i t h  a v e r y  l a r g e  number o f  f r e e  p a r a m e t e r s  i n
t h i s  s t u d y .  In o r d e r  t o  save c omp ut e r  t i m e ,  i t  t h e n
becomes n e c e s s a r y  t o  have good s t a r t i n g  v a l u e s  f o r  t h e s e
p a r a m e t e r s .  To o b t a i n  such v a l u e s ,  a few e x p e r i m e n t a l
p o i n t s  (18 f o r  0 . . and B. i n s t e a d  o f  66,  and 16 f o r  A,t o t  L L
i n s t e a d  o f  35)  g i v i n g  q u a l i t a t i v e  f e a t u r e s  o f  t he  
o b s e r v e d  c u r v e s  were  s e l e c t e d  w i t h i n  t h e  e n e r g y  range 
o f  0 t o  7 MeV and f i t s  w er e  f i r s t  made t o  them i n s t e a d
B 5 9
o f  t h e  w h o l e  e x p e r i m e n t a l  d a t a .  T h e s e  f i t s  w e r e ,  
i n  g e n e r a l ,  o b t a i n e d  t o  a  , a n d  B0 d a t a  a n d  w i t h  
t h e  i n c l u s i o n  o f  o n l y  p - w a v e s  f o r  i n c i d e n t  n u c l e o n s .
O n c e  s a t i s f a c t o r y  f i t s  c o u l d  b e  a c h i e v e d  t o  t h e  f e w  
s e l e c t e d  p o i n t s ,  a l l  t h e  e x p e r i m e n t a l  d a t a  a n d  t h e  
f - w a v e s  w e r e  i n c l u d e d  i n  t h e  a n a l y s i s .
F i t  w i t h i n  t h e  e n e r g y  r a n g e  o f  ^ * 1 . 4  t o  7 MeV w i t h  t h e
u s e  o f  ' P '  a p p r o x i m a t i o n s :
O u t  o f  a l l  t h e  p r e v i o u s  a t t e m p t s  a t  e x p l a i n i n g  t h e
7 4e x p e r i m e n t a l  d a t a  o f  t h e  L i ( p , a )  He r e a c t i o n ,  B o r s a r u  
2 1 )
e t  a l  h a v e  b e e n  a b l e  t o  o b t a i n  t h e  b e s t  a v a i l a b l e  
f i t  t o  a ,  , , B. a n d  P ( 0 )  d a t a  o v e r  a w i d e  e n e r g y
r a n g e .  B u t  t h e i r  a n a l y s i s  s e e m s  t o  s u f f e r  f r o m  t h e  
d e f e c t  o f  t h e  u s e  o f  a f o r m u l a  h a v i n g  s i g n  e r r o r s .
U s i n g  c o r r e c t e d  f o r m u l a e ,  we  h a v e  f i r s t  t r i e d  t o  
r e p e a t  t h e  a n a l y s i s  o f  B o r s a r u  e t  a l  o v e r  t h e  s a m e  
p r o t o n  e n e r g y  r a n g e  o f  ^ 1 . 4  t o  7 MeV.  L i k e  t h e s e  
a u t h o r s ,  we h a v e  n e g l e c t e d  t h e  c o n t r i b u t i o n  f r o m  t h e  
j \ °  t e r m ,  a n d  h a v e  i n c l u d e d  t h e  c o n t r i b u t i o n s  f r o m  
c o m p e t i n g  c h a n n e l s  t h r o u g h  c o n s t a n t  a n d  e n e r g y  
i n d e p e n d e n t  t e r m s ,  a s  d e s c r i b e d  i n  s e c t i o n  I 1C.
I t  h a s  b e e n  d e s c r i b e d  e a r l i e r  t h a t  t h e  i n c l u s i o n
• f
o f  t wo  2 l e v e l s  a t  e x c i t a t i o n  e n e r g i e s  o f  2 2 . 2  a n d  2 2 . 5 4
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MeV by ßorsaru et al may not be justifiable. If there is 
+ 8only one 2 level in Pe at approximately these excitation
energies as has been suspected by Lauritsen and
1 )Ajzenberg-Se1ove , it would be better to start ab-initio 
with the inclusion of only two 2+ levels. Keeping this 
in view, we started our fits with the inclusion of only 
two 2+ levels and first explored the possibility of 
explaining the data of this reaction with the use of 
either two 2+ levels alone, or with the addition of a
+ + 4“fixed number of 0 and 4 levels to these two 2 levels.
Many times we arrived at solutions where we could fit
simultaneously the ^tot and B^  data but not the data,
or at solutions in which a. . and A, data could betot L
reproduced without fitting the B^  data. reasonable
agreement to at t , and A^ data could be achieved
only when three 2+ levels were included in the analysis.
This led us to support the view of Borsaru et al that
at least three 2+ levels are needed for the explanation 
7 4of the Li(p,a) He reaction data up to 7 MeV proton 
bombarding energies.
Fits obtained to the data of this reaction
measured at 90 energies (a and B^ data at 60 energies,
while A^ data at 30 energies) with a set of 21 free
+parameters and with the use of three 2 levels are
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shown i n  f i g u r e s  ( 1 1 . 5 )  t o  ( 1 1 . 7 ) .  L e v e l  p a r a m e t e r s  
o b t a i n e d  f r o m  t h e s e  f i t s  a r e  g i v e n  i n  t a b l e  ( 1 1 . 3 ) .
I t  can be seen f r o m  f i g u r e s  ( 1 1 . 5 )  t o  ( 1 1 . 7 )  t h a t  
t h e  a , P>2 / B^,  and d a t a  o f  t h e  ^ L i ( p , a ) S l e  
r e a c t i o n  can be r e a s o n a b l y  w e l l  r e p r o d u c e d  w i t h i n  t h e  
e n e r g y  r a n g e  o f  ^ 1 . 4  t o  7 MeV i f  one uses  t h r e e  2 + 
l e v e l s .  But  i f  t h e  f i t s  a r e  a t t e m p t e d  w i t h i n  t h e  
e n e r g y  r a n g e  o f  0 t o  7 MeV,  t h e  t h r e e  2+ l e v e l s  f a i l  
t o  r e p r o d u c e  t h e  d a t a  o f  t h i s  r e a c t i o n  b e l o w  a b o u t  
1 . 4  MeV.  In t h i s  l ow e n e r g y  r e g i o n ,  t h e  c a l c u l a t e d  A 0 
c u r v e  s t a y s  on t h e  n e g a t i v e  s i d e  o f  t h e  a b s c i s s a  w h i l e  
t h e  e x p e r i m e n t a l  c u r v e  l i e s  on t h e  +ve s i d e .  S i m i l a r l y  
as t h e  e n e r g y  d e c r e a s e s  f r o m  2 MeV down t o  t h e  ^ L i + p  
t h r e s h o l d ,  t h e  t h e o r e t i c a l  B 2  v a l u e s  keep  on i n c r e a s i n g ,  
w h i l e  t h e  o b s e r v e d  v a l u e s  o f  B 2  s t a r t  d e c r e a s i n g  a t  
a b o u t  1 MeV and e v e n t u a l l y  f a l l  o f f  t o w a r d s  z e r o .
Even w i t h  t h e  use o f  c o r r e c t e d  f o r m u l a e ,  B o r s a r u  e t  a l  
p r o b a b l y  c o u l d  n o t  have  n o t i c e d  t h i s  d i f f i c u l t y  s i n c e  
a t  t h a t  t i m e  t h e  P ( 0 )  d a t a  had v e r y  l a r g e  e r r o r s  and 
as B o r s a r u  e t  a l  had n e g l e c t e d  t h e  use  o f  B^ d a t a  
b e l o w  a b o u t  1 . 4  MeV e n e r g i e s .  Our  a t t e m p t s  w i t h  t h e  
use o f  P a p p r o x i m a t i o n s  do i n d i c a t e  a f ew p o s s i b i l i t i e s ,  
i . e .  e i t h e r  t h e  t h r e e  2+ l e v e l s  a l o n e  a r e  n o t  s u f f i c i e n t  
f o r  e x p l a i n i n g  t h e  d a t a  up  t o  = 7 MeV,  o r  t h e y  a r e
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Figure (11.5): Theoretical fit with P approximations
to t data within the energy range of 
^1.4 to 7 MeV and with the inclusion of 
three 2+ levels. Experimental points are 
shown along with vertical error bars, 
while the calculated fit is shown by 
the complete solid curve.
Ed (MeV)
BG3
F i g u r e  ( 1 1 . 6 ) : C a l c u l a t e d  f i t  t o  and d a t a . For
d e t a i l s  see c a p t i o n  o f  f i g u r e  ( 1 1 , 5 ) .
1 I I
4 5
Ep (MeV)
71 2 3 6
BG4
F i g u r e  ( 1 1 . 7 ) :  T h e o r e t i c a l f i t  t o  A 2 and d a t a .  See
c a p t i o n  o f  f i g u r e  ( 1 1 , 5 )  f o r  d e t a i l s .
0.8
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Table (11.5): Parameters of the three 2+ levels which fit 
the data of the ^Li(p,a)t+He reaction within the energy 
range of 1.4 to 7 MeV with the use of P approximations.
Parameters Level 1 Level 2 Level 3
Ex (MeV) 19.30 20.52 22.54
Corresponding Pp(MeV) 2.34 3.73 6.04
YXpll 0.500 0.032 0.1881
yXpl2 (MeV /2) -0.646 0.409 0.43 8
YAp31 -0.004 0.097 0.066
Y\p32 (+) -0.001 0.040 0.027
"^ Xa 0.516 0.514 0.261
rx (MeV) 0.112 0.556 0,659
Fi2 0.249
f13 (MeV) 0.272
2^ 3 0.460
f) These were not free parameters as conditions given 
in (11.52) were used.
aP aa BP Ba
4.22 fn. 6.5 fm. 0 0
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quite poorly positioned; or both. The first possibility 
looks to be certainly there as the presence of only three 
2+ levels cannot give rise to the Ag and Bg components 
which also appear in the experimental data of this reaction.
The contributions from competing channels have been 
approximated by constant and energy independent terms 
which are undoubtedly a poor approximation at low energies. 
Some of the difficulties associated with the failure in 
fitting the data of this reaction in the low energy region 
may also be connected with this approximation. It is then 
desirable to improve upon this approximation and, if 
possible, to include the cumulative effect of distant 
1evels also.
In the energy region under consideration, results 
obtained from the analysis of the ^Li(p,a)t+He reaction 
data are expected to be consistent with those from 
related reactions, such as the ^Li(d,a)t'He reaction and
the a+a elastic scattering. Darriulat^^ has extracted
p Icomplex phase shifts 6 , = 6 ‘ + ifi . from theaJ aJ aJ
observed a+a scattering cross-sections. About 20 MeVg
excitation energies in Be, the energy dependence of 
I +6 suggests a 0 level near 20 MeV and possibly one
near 23 MeV, with widths of the order of 1 MeV and much
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smaller a-particle partial widths. in addition to the
known 2+ levels at 16.6 and 16.9 MeV, there are two 2+
levels indicated at 19.9 and 22.2 MeV, apparently
corres ponding to the two peaks seen at 3.0 and 5.6 MeV
in the a. . curve of the ^Li(p,a)*He reaction. The tot
lower level appears to have a/p > 0.5. From the energy 
dependence of 6 '  ^ , there appears to be a 4 level at 
about 19.8 MeV and with a width of about 0.8 MeV. This 
level seems to have very small proton width as 6  ^ stays
zero throughout the energy region. Phase shifts 
extracted by Bacher et a 1^ ^  from recent a+a scattering 
data are in good agreement with those of Darriulat's 
suggesting a 0+ level at 20.3 MeV; 2+ levels at 16.6, 
16.9 and 20.2 MeV; and a 4+ level at 19.9 MeV in cBe.
6 4In the last few years the Li(d,a) Me reaction data
obtained by using unpolarized beams of deuterons have
2 4)been analysed by two different groups of workers '
The analyses of these authors show that the data of the 
^Li(d,a)^He reaction can be fitted by using any one of 
the following three combinations of levels: 
i) 2+ ( 22.54 MeV), 0+ ( 24.02 MeV) and 
2+ (25.23 MeV)
ii) 0+ («22.7 MeV), 4+ («22.7 MeV) and 
2+ («25 MeV)
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and iii) 2+ («22.6 MeV), 4+ («22.6 MeV) and 
2+ («25.1 MeV).
These combinations suggest the presence of a 2+ level at 
about 25 MeVx and indicate the possible presence of
another 2+ level at about 22.5 MeV excitation energy in
8 + + Be (apart from the possible presence of other 0 and 4
levels in this energy region).
If 2+ levels are assumed to be the main contributing 
factors to the data of this reaction as indicated by the 
previous analyses; and the contribution of levels lying 
below, but very near, to the ^Li+p threshold is also 
taken into account; then the a+ a scattering phase shifts 
(and to some extent the analyses of the Li(d,a) lie 
reaction data) indicate that the main contribution to the 
data of the ^Li(p,a)^He reaction up to 7 MeV proton 
energies may come from 2+ levels lying at 16.6/ 16.9/
19.9 and 22.2 MeV in ^Be. Out of these four 2+ levels, 
the 16.6 and 15.9 MeV levels of °Be appear to contain^^ 
about equal intensities of T = 0 and T = 1 components.
As these levels lie close together and below the energy 
region of interest, we may approximate by taking their 
eigenenergies as equal, and may assume that their 
contributions are the same as those of the unmixed 
T = 0 and T = 1 states. Then including only the
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c o n t r i b u t i o n  from t he T = 0 s t a t e ,  the m a i n  c o n t r i b u t i o n  
to t h e  d a t a  of t h e  ^ L i ( p , a ) ^ H e  r e a c t i o n  u p  to E p = 7 M e V  
m a y  c o m e  f r o m  2 + s t a t e s  l y i n g  at 16.8, 1 9 . 9  a n d  2 2 . 2  MeV.
C o m p a r i n g  t h e  r e s u l t s  f r o m  a+a s c a t t e r i n g  d a t a  w i t h
t h o s e  o f  o u r ' s  as g i v e n  in t a b l e  ( 1 1 . 3 ) ,  o n e  f i n d s  t h a t
o u r  t h r e e  2 + l e v e l s  lie in t h e r e g i o n  of e x c i t a t i o n
e n e r g i e s  w h e r e  t he  a+a s c a t t e r i n g  p h a s e  s h i f t s  s h o w  the
+ +p r e s e n c e  of o n l y  two 2 l e v e l s .  T h e  t h i r d  2 level s e e m s  
to c o r r e s p o n d  to t h e  5 .6 M e V  p e a k  in t h e ^ c u r v e ,  
w h i l e  t h e  f i r s t  two 2 + l e v e l s  s e e m  to lie in t h e r e g i o n  
of e n e r g i e s  w h e r e  t h e  3 .0 M e V  p e a k  lies. It w o u l d  t h e n  
be i n t e r e s t i n g  if o u t  of  o u r  f i r s t  t w o  2 + l e v e l s ,  t h e 
f i r s t  o n e  c a n  be i d e n t i f i e d  w i t h  t h e 1 6 . 8  M e V  T = 0 
level o f ^Be, a n d  t he  o t h e r  o n e  w i t h  the 1 9 . 9  M e V  l e v e l .  
T h i s  w o u l d  t h e n  g i v e  c o n s i s t e n c y  w i t h  a+a s c a t t e r i n g  d a t a .
O u r  a t t e m p t s  w i t h  t h e  u s e  of P a p p r o x i m a t i o n s  
i n d i c a t e  t h a t  t h e  ^ L i ( p , a ) ^ H e  r e a c t i o n  d a t a  u p  to 7 M e V  
p r o t o n  e n e r g i e s  c a n n o t  be e x p l a i n e d  ( a f t e r  t h e u s e  o f 
c o r r e c t e d  f o r m u l a e )  w i t h  t h e  u s e  of o n l y  t h r e e  2 + l e v e l s ,  
a n d  th e o b t a i n e d  r e s u l t s  a r e  i n c o n s i s t e n t  w i t h  t h o s e  
e x p e c t e d  f r o m  o t h e r  r e a c t i o n s  in t h i s  e n e r g y  r e g i o n .
So in an a t t e m p t  to e x p l a i n  t h e  d a t a  of  t h i s  r e a c t i o n  
u p  to E p = 7 M eV , w e  i m p r o v e  u p o n  t he w a y  in w h i c h  t h e
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competing channels are taken account of; include the 
cumulative effect of distant levels; and attempt to 
obtain consistency with a+-a elastic scattering and to 
some extent the ^LiCd/oO^He reaction data. To have good 
starting values of parameters, we take help from shell 
model calculations reported in part I of this thesis.
Such an attempt is described below.
Fit within the energy ranee of 0 to 7 MeV with the use 
of 0. approximations:
Shell model calculations given in part I of this 
thesis predict the even spin, positive parity and T = 0g
levels of Be at roughly the same excitation energies at
which they are expected from a+a scattering phase shifts.
These calculations predict 0+ levels at 23.7 and 26.2 MeV
2+ levels at 21.0, 22.0 and 26.1 MeV; and 4+ levels at
20.6 and 25.2 MeV; apart from the 2+, T = 0 level at
16.8 MeV which was included in the fit. These
calculations also give values of spectroscopic factors
for nucleon channels, and hence for the reduced width
amplitudes provided a value is assumed for the single
2particle reduced width 0 o
For the three 2+ levels (lying at 16.8, 19.9 and 
22.2 MeV) which have been assumed to be the main
r>7i
contributing factors to the data of the ^Li(p,a)Sle
reaction up to 7 MeV energies, the nucleon reduced width
amplitudes were obtained from shell model calculations 
2by using 0 = 0.4. The eigenenergies and a-particle reduced
widths were then chosen to fit approximately the a+a 
scattering d-wave phase shift, by using for each level 
the one-level approximation^^ connecting eigenenergy E^ 
and resonance energy , i.e.
E, = E + I(y )2 [S (E )-B ] (I I.54)X r Xc c r c
From the possible sets of relative signs of the a-particle 
reduced width amplitudes, that set was chosen which gave 
the best fit to ^Li(p,a)Vle reaction data. These 
parameter values are given in table (11.4), and the 
corresponding calculated values of a , B2 and are 
shown by the dashed curves in figures (11.8) to (11.10).
The other calculated and B^ are zero. As the main 
features of the experimental data were reproduced, these 
parameter values were used as good starting values in a 
least squares fitting procedure.
The a+-a scattering phase shifts indicate that for 
the satisfactory explanation of the ^Li(p,a)^He reaction 
data up to Ep = 7 MeV, one may need to use 6 or 7 levels.
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Table (11.4): Level parameters for 2 + , T = 0 states ofg
Be obtained from shell model calculations (y, t andA p 36 S
y^c*) and from approximate fits to a+a scattering data 
(E^ and y^a ). E i genenerg i es are in MeV, reduced width 
amplitudes in MeV ^ .
E x yApll yApl2 YXp31 yAp32 yAa YXc* (+)
2 + 15.8 0.30 0.68 0.0 0.0 0.13 -0.52
2 + 20.3 -0.25 0.53 0.0 0.0 0.20 0.28
2 + 22.4 -0.09 i—iK'*O1 0.0 0.0 -0.11 0.16
^  y »i^
t) Here c refers to the Li +p channel only.
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F i e u r e  ( 1 1 . 8 ) :  T h e o r e t i c a l  f i t  t o  o .  . d a t a  u d  t o— -------------- —
7 MeV e n e r g i e s .  The p o i n t s  a r e  e x p e r i m e n t a l  v a l u e s  
w i t h  e r r o r  b a r s ,  w h i l e  t h e  c u r v e s  a r e  m a n y - l e v e l  
R - m a t r i x  f i t s  u s i n g  0 a p p r o x i m a t i o n s . The das hed  
c u r v e  i s  f o r  l e v e l  p a r a m e t e r s  p r e d i c t e d  by s h e l l  
model  c a l c u l a t i o n s  and a p p r o x i m a t e  f i t s  t o  a+a 
s c a t t e r i n g  d a t a ,  and t h e  s o l i d  c u r v e  i s  a b e s t  f i t  
o b t a i n e d  by v a r y i n g  l e v e l  p a r a m e t e r s .
100t
er tot
(mb)
2 4 6 7
B74
F i g u r e  ( 1 1 . 9 ) : C a l c u l a t e d  f i t  t o  d a t a .  For
d e t a i l s  see c a p t i o n  o f  f i g u r e  ( 1 1 , 8 ) .
2 0.0
b4 0.0
b6 0.0
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Figure ( I f . 10): Theoretical fit to data.,
caption of figure (11,8) for
See
detaiIs.
2 0.0
4 0.0
6 0.0
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The need f o r  t h e  use o f  so many l e v e l s  i n c r e a s e s  t he  
number o f  f r e e  p a r a m e t e r s  c o n s i d e r a b l y .  Then t o  keep 
t h e  number o f  p a r a m e t e r s  s m a l l ,  t h e  f o l l o w i n g  p r o c e d u r e  
was a d o p t e d .  The f i t s  were  f i r s t  o b t a i n e d  o n l y  t o  a t  t  , 
B2  and A 2  d a t a  by i n c l u d i n g  t h r e e  2+ l e v e l s  a t  1 6 . 8 ,
19 .9  and 22 .2  MeV e n e r g i e s  and w i t h  a l l  t he  f - w a v e  
r e duc ed  w i d t h  a m p l i t u d e s  k e p t  equa l  t o  z e r o .  On ly  t h e  
e n e r g y  o f  t h e  1 6 .8  MeV l e v e l  and i t s  a - p a r t i c l e  w i d t h  
w er e  k e p t  f i x e d .  The o b t a i n e d  f i t s  wer e  f o u n d  t o  be 
q u i t e  poor  above Ep = 4 .5  MeV. To remedy t h i s  ( s t i l l
4-
w i t h  p-wave n u c l e o n  c o n t r i b u t i o n s  o n l y ) ,  a 0 l e v e l  was
•f
i n t r o d u c e d  near  22 MeV and a 2 l e v e l  near  25 MeV. Out 
o f  t h e s e  two l e v e l s ,  t h e  f o r m e r  i s  s u g g e s t e d  by a^a 
s c a t t e r i n g  phase s h i f t s * * ^ ,  w h i l e  t h e  l a t t e r  i s  s u g g e s t e d  
by t h e  a n a l y s e s ^ 7^  o f  t h e  ^ L i ( d , a ) ^ H e  r e a c t i o n  d a t a .
The i n t r o d u c t i o n  o f  t h e s e  l e v e l s  i mpr oved  t h e  f i t s  
c o n s i d e r a b l y .  To r e p r o d u c e  t h e  s l i g h t  p e a k i n g  
b e h a v i o u r  i n  t h e  c u r v e  a t  a b o u t  2 M.eV p r o t o n  e n e r g i e s ,  
a 0+ l e v e l  was i n t r o d u c e d  near  19 MeV e x c i t a t i o n  e ne rg y
g
i n  Be. The i n t r o d u c t i o n  o f  t h i s  l e v e l  a l s o  h e l p e d  in  
f i t t i n g  t h e  week anoma l y  a r oun d  Ep = 2 MeV i n  t h e  B2  
c u r v e .  A t  t h i s  s t a g e  B^,  Bg, A^ and Ag components  were  
a l s o  i n c l u d e d  i n  t h e  a n a l y s i s  and f - w a v e  n u c l e o n  r educed  
w i d t h  a m p l i t u d e s  ( k e e p i n g  o t h e r  p a r a m e t e r s  f i x e d )  were 
a l l o w e d  t o  v a r y .  The f i t s  t o  a t  t  , B2  and A  ^ d a ta
c han ged  v e r y  l i t t l e  w i t h  t h e  i n t r o d u c t i o n  o f  f - w a v e s .
On t h e  b a s i s  o f  t h i s  e v i d e n c e  we assumed t h a t  t h e  
e i g e n e n e r g i es o f  l e v e l s ,  and p - wa v e  n u c l e o n  and 
a - p a r t i c l e  r e d u c e d  w i d t h s  need n o t  be v a r i e d  any  f u r t h e r .  
To e x p l a i n  t h e  and c o mp o n e n t s  a p p e a r i n g  i n  t h e  
e x p e r i m e n t a l  d a t a ,  a 4+ l e v e l  was i n t r o d u c e d  n e a r  20 MeV.  
The o b t a i n e d  f i t s  pave  i t s  f - w a v e  r e d u c e d  w i d t h s  so s m a l l  
t h a t  t h e  c o n t r i b u t i o n  o f  t h i s  l e v e l  seemed n e g l i g i b l e .
No a t t e m p t  has been made t o  p e t  a b e s t  f i t  t o  t h e  c o m p l e t e  
s e t  o f  d a t a  p o i n t s  by v a r y i n g  a l l  t h e  p a r a m e t e r s ,  i . e .
36 p a r a m e t e r s  f o r  t wo 0 + and f o u r  2+ l e v e l s .  The 
p a r a m e t e r  v a l u e s  o b t a i n e d  by t h e  me t h o d  d e s c r i b e d  a b o v e  
have  been u s e d  t o  c a l c u l a t e  a f i t  t o  t h e  c o m p l e t e  
e x p e r i m e n t a l  d a t a  up t o  Ep = 7 MeV ( a t Q t  and d a t a  a t  
GG e n e r g i e s ,  and  d a t a  a t  35 e n e r g i e s ) ,  and t h e s e  f i t s  
a r e  shown i n  f i g u r e s  ( 1 1 . 8 )  t o  ( 1 1 . 1 0 ) .  I t  can be s een  
f r o m  t h e s e  f i g u r e s  t h a t  t h e  e x p e r i m e n t a l  d a t a  o f  t h i s  
r e a c t i o n  up t o  F = 7 MeV can now be r e a s o n a b l y  w e l l  
e x p l a i n e d  and  t h e  e a r l i e r  p r o b l e m  o f  o b t a i n i n g  a f i t  i n  
t h e  l o w e r  e n e r g y  r e g i o n  i s  no l o n g e r  t h e r e .  The l e v e l  
pa r a me t  ers us ed i n  o b t a i n i n g  t h e s e  f i t s  a r e  g i v e n  i n  
t a b l e  ( 1 1 . 5 ) .
I t  i s  i n t e r e s t i n g  t o  n o t e  f r o m  o u r  a t t e m p t  t h a t
7 4t h e  e x p e r i m e n t a l  d a t a  o f  t h e  L i ( p , a )  Me r e a c t i o n  up t o  
Ep = 7 MeV can be r e a s o n a b l y  w e l l  e x p l a i n e d  by u s i n g
B 7 8
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Table (11.5): Level parameters for states of Pe obtained
from best fits to the ^Li(p,a)^He reaction data up to
Ep = 7 MeV and with the use of 0 approximations.
Eigenenergies are in MeV, while the reduced width
^  /  2amplitudes are in MeV
J77 of
Levels
Parameters
0 + 0 + 2 + 2 + 2 + 2 +
e a
19 . 7 21.7 15.8 20 .1 22.2 25.0
YXpll -0.93 -0 .81 0.4 8 -0.24 0.02 0 . 57
YApl2 0.0 0.0 0.76 0.27 -0.34 0.75
YAp31 0.0 0.0 0.08 -0.10 0.02 0.31
yXp32 0.0 0.0 -0.49 0.12 -0.06 -0.06
-0.03 0.002 0.13 0.21 LOI—1o1 0.02
y A c * ( + )
0.67 0.43 -0.46 0.4 7 -0.24 0 .22
 ^ y ^
t) Here c refers to the Li +p channel only.
aP aa R C £'=1) P R (£ 1=3 ) P Ba
4.22 fm. 6.0 fm. -1 -3 0
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i n d i c a t i o n s  a b o u t  t h e  numbe r s  and  p o s i t i o n s  o f  t h e  0 +
+ g
and 2 s t a t e s  o f  Re a s  s u g g e s t e d  by a + a  s c a t t e r i n g  
p h a s e  s h i f t s ,  t h e  a n a l y s e s  o f  t h e  ^ L i ( d , a )  He r e a c t i o n  
d a t a ,  a nd  t h e  s h e l l  model  c a l c u l a t i o n s .  T h i s  f a c t  
i n d i c a t e s  c o n s i s t e n c y  b e t w e e n  t h e  d i f f e r e n t  d a t a  a nd  
t h e  s h e l l  model  c a l c u l a t i o n s .  The o n l y  r e m a i n i n g  
i n c o n s i s t e n c y  w i t h  a +a  s c a t t e r i n g  d a t a  s eems  t o  be  a b o u t
*4“
t h e  p r e s e n c e  o f  a 4 l e v e l  wh i c h  a p p e a r s  t o  l i e  a t  a b o u t
g
20 MeV e x c i t a t i o n  e n e r g y  i n  Re.  S i n c e  o u r  a t t e m p t
i n d i c a t e d  a n e g l i g i b l e  c o n t r i b u t i o n  f r o m t h i s  l e v e l ,  we
d i d  n o t  i n c l u d e  i t  i n  o u r  f i n a l  f i t .  As t h e  Ar a nd  Rr
c o mp o n e n t s  i n  t h e  d a t a  o f  t h e  i ( p , a ) S i e  r e a c t i o n  a r e
v e r y  s m a l l ,  i t s  n e g l i g i b l e  c o n t r i b u t i o n  i n o u r  a n a l y s i s
may n o t  be  v e r y  s e r i o u s .  F u r t h e r ,  o u r  a t t e m p t  s ee ms  t o
c o n f i r m  t h a t  w h i l e  o t h e r  l e v e l s  a r e  n e e d e d  t o  c o r r e c t
t h e  b e h a v i o u r  o f  t h e  c a l c u l a t e d  c u r v e s ,  t h e  ma i n
7 4c o n t r i b u t i o n  t o  t h e  d a t a  o f  t h e  L i ( p , a )  He r e a c t i o n
up t o  E = 7  MeV comes  f r o m t h r e e  2+ l e v e l s .  One o f  
P
t h e  i n t e r e s t i n g  f e a t u r e s  o f  o u r  s t u d y  i s  t h a t  o u r  s h e l l  
mode l  c a l c u l a t i o n s  h a v e  p r o v i d e d  r a t h e r  good s t a r t i n g  
v a l u e s  o f  n u c l e o n  r e d u c e d  w i d t h  a m p l i t u d e s  f o r  t h e s e  
t h r e e  2+ 1 e ve  1s .
P r e s e n t  a n a l y s i s  i n d i c a t e s  t h a t  f o r  t h e  s i m u l t a n e o u s
and s a t i s f a c t o r y  e x p l a n a t i o n  o f  t  , A^ a nd  B^ d a t a  o f
t h i s  r e a c t i o n  up t o  E =
P 7 MeV, o n e  n e e d s  t h e  p r e s e n c e
P> 8 0
of at least 6 even spin and positive parity levels ing
Be lying at about 20 MeV excitation energies. Out of 
these six levels/ two 0+ levels lying at = 19.7 and 
21.7 MeV respectively are new levels (see figure I I .1) . 
The lower level has not been seen in any other reaction 
apart from the indications of its presence in a+a 
scattering phase shifts; while the presence of the 
higher lying 0+ level has been indicated by a+a phase 
shifts; and to some extent the analyses of the
*) After the completion and writing of this work in the
form of part II of this thesis, and in the form of a
44) 7 4paper , a recent analysis of the Li(p,a) lie reaction
4 3)data by Dayhuff and Seyler has come to our notice.
These authors have reported their work in a recent meeting
(October 30, 1969) of the American Physical Society. We
auote here some lines from the abstract of their report
43 )in the Bulletin of the American Physical Society :
"Borsaru et al have analized this reaction
for proton energies from 1 to 10 MeV, and
have published a satisfactory fit using 
+three 2 states. It was discovered that 
their fit is erroneous and additional 2+ 
states are recuired to explain the exper­
imental data from 1 to 10 MeV. The para­
meters of these states will be presented".
43)Other details about the analysis of Dayhuff and Seyler
are not avai1 ab 1e .
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C 4L i ( d , a )  He r e a c t i o n  d a t a ,  and t h e  s h e l l  model  
c a l c u l a t i o n s .
7 4For  t h e  e x p l a n a t i o n  o f  t h e  L i ( p , a )  He r e a c t i o n
d a t a  up t o  E = 7  MeV,  one  needs  a 2+ l e v e l  a t  a b o u t  
P g
E = 2 2 . 2  MeV i n  Be,  a p p a r e n t l y  c o r r e s p o n d i n g  t o  t h e
X
5.C MeV peak  i n  t h e  a t o t  c u r v e .  As d e s c r i b e d  e a r l i e r ,
6 4t h e  d i f f e r e n t  a n a l y s e s  o f  t h e  L i ( d , a )  He r e a c t i o n  d a t a  
show i n c o n s i s t e n t  r e s u l t s .  Out  o f  t h e  p o s s i b l e  t h r e e  
c o m b i n a t i o n s  o f  l e v e l s  w h i c h  can f i t  t h e  ^ L i ( d , a ) ^ H e  
r e a c t i o n  d a t a ,  o u r  a n a l y s i s  seems t o  f a v o u r  t h e  
c o m b i n a t i o n s  w h i c h  s u g g e s t  a 2+ l e v e l  a t  a b o u t  2 2 . 5  MeV
g
e x c i t a t i o n  e n e r g y  i n  Be.  P o l a r i z a t i o n  d a t a  o f  t h e  
^ L i ( d , a ) ^ H e  r e a c t i o n  a r e  now a v a i l a b l e .  A new a n a l y s i s
i n c l u d i n g  t h e s e  d a t a  may h e l p  i n  c o n f i r m i n g  t h e  p r e s e n c e
+ 8 o f  a 2 l e v e l  a t  a b o u t  2 2 . 5  MeV e x c i t a t i o n  e n e r g y  i n  Be.
I f  we use t h e  o n e - l e v e l  f o r m u l a  t o  c a l c u l a t e  t h e  
p a r t i a l  w i d t h s  o f  l e v e l s  ( u s i n g  t h e  r e d u c e d  w i d t h s  
o b t a i n e d  f r o m  o u r  m u l t i - l e v e l  R - m a t r i x  a n a l y s i s ) ,  we 
f i n d  t h a t  t h e  p r o t o n  and a - w i d t h s  o f  l e v e l s  so o b t a i n e d  
seem t o  r e s e m b l e  t h e  ones  i n d i c a t e d  by t h e  b e h a v i o u r  o f  
r e a l  and i m a g i n a r y  p a r t s  o f  t h e  a+a s c a t t e r i n g  phase  
s h i f t s .  For  e x a m p l e ,  t h e  t wo 0+ l e v e l s  seem t o  have  
l a r g e  p r o t o n  w i d t h s  w i t h  v e r y  s m a l l  a - w i d t h s ,  and t h e
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2+ level lying at = 20.1 MeV seems to have * a / ^  > 0.5. 
This may further indicate the consistency of our results 
with a+a elastic scattering data.
As we have used the predictions of our shell model 
calculations as starting values of some of our 
parameters, we do not attempt to compare in detail the 
results of the present analysis with the predictions of 
the shell model. However, we note with interest from 
tables (it.4) and (11.5) the good agreement between the 
final values of parameters and the predictions of shell 
model calculations, Main inconsistency with shell model 
calculations appears to be about the positions of 0+ 
levels which are predicted at E = 23.7 and 26.2 MeVX
by shell model calculations, while the present analysis 
predicts them at E^ = 19,7 and 21.7 MeV in ^Be.
Conclusions:
Our study shows that apart from the use of a formula
21)which seems to have sign errors, Borsaru et al in
their analysis have made use of an unreasonable assumption
about the positions of 2+ levels in °Be, and have
neglected the use of ^Li(p,a)^He reaction data in the
lower energy region. With the use of corrected formulae,
21)and using the assumptions of Borsaru et al , it is not 
possible to explain the data of this reaction in the lower
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e n e r g y  r e g i o n  and t h e  f i t s  t o  t h e  d a t a  a r e  n o t  c o n s i s t e n t  
w i t h  t h o s e  f r o m  r e l a t e d  r e a c t i o n s .  U s i n g  i n d i c a t i o n s  a b o u t  
t h e  n u mbe r s ,  p o s i t i o n s  and o f  a - p a r t i c l e  w i d t h s  o f  0+ and 2+
g
s t a t e s  o f  Be o b t a i n e d  f r o m  a+a s c a t t e r i n g  phase  s h i f t s ,
and t h e  p r e d i c t e d  v a l u e s  o f  t h e  n u c l e o n  w i d t h s  f r o m  s h e l l
model  c a l c u l a t i o n s ;  i n c l u d i n g  t h e  c u m u l a t i v e  e f f e c t  o f
d i s t a n t  l e v e l s ,  and t h e  c o n t r i b u t i o n s  f r o m  c o m p e t i n g
c h a n n e l s  i n  a mor e  r e a s o n a b l e  wa y ;  i t  i s  now p o s s i b l e  t o
o b t a i n  a f i t  t o  t h e  d a t a  o f  t h i s  r e a c t i o n  up t o  E = 7  MeV.
P
The e x t r a c t e d  p r o p e r t i e s  o f  l e v e l s  seem c o n s i s t e n t  w i t h  
t h o s e  e x p e c t e d  f r o m  o t h e r  r e a c t i o n s  and f r o m  s h e l l  model  
c a l c u l a t i o n s .  Two new l e v e l s  have  been f o u n d  a t  a b o u t
o
20 MeV e x c i t a t i o n  e n e r g i e s  i n  ° Be ,  I t  w o u l d  be i n t e r e s t i n g
t o  c a r r y  o u t  t h e  R - m a t r i x  a n a l y s i s  o f  t h e  a+a s c a t t e r i n g
phase  s h i f t s  i n  t h i s  e n e r g y  r e g i o n  t o  c o n f i r m  t h e i r
G 4p r o p e r t i e s .  E x p e r i m e n t a l  d a t a  o f  t h e  L i ( d , a )  He r e a c t i o n  
u s i n g  p o l a r i z e d  beams o f  d e u t e r o n s  a r e  now a v a i l a b l e ^ .  A 
d e t a i l e d  a n a l y s i s  o f  t h e s e  d a t a  w o u l d  a l s o  p r o v e  h e l p f u l .
D u r i n g  o u r  a t t e m p t s  w i t h  t h e  use o f  P a p p r o x i m a t i o n s ,
i t  was n o t e d  t h a t  t h e  a .  . and B, d a t a  o f  t h i s  r e a c t i o nt o t  L
c o u l d  be f i t t e d  w i t h  a c o m b i n a t i o n  o f  l e v e l s  w h i c h  c o u l d  
n o t  f i t  t h e  d a t a .  S i n c e  p o l a r i z a t i o n  i s  e s s e n t i a l l y  
an i n t e r f e r e n c e  phenomenon i n v o l v i n g  t h e  c o l l i s i o n  
m a t r i x  e l e m e n t s  i n  a d i f f e r e n t  f a s h i o n  t h a n  t h e  ways  i n
d ow h i c h  t h e y  a p p e a r  i n  t  and (•— ) q e x p r e s s i o n s ,  i t
i mposes  e x t r a  c o n s t r a i n t s  on t h e  p r o b l e m .  Thus  i f
d a t a  a r e  a v a i l a b l e ,  t h e i r  use  w i t h  a.  . and B. d a t a  it o  t  L
v e r y  d e s i r a b l e  t o  d r aw mor e  m e a n i n g f u l  c o n c l u s i o n s
f r o m  t h e  r e s u 1 t s  .
R e f e r e n c e s  f o r  P a r t  I I
T.  L a u r i t s e n  and F. A j z e n b e r g - S e 1o v e , Nuc l  . Phys .
7_8 ( 1966 ) 1 .
R.M.  Freeman and G . S .  M a n i / P r o c .  Phys .  Soc .  8_5 
( 1 9 6 5 )  267 .
W.E.  Bu rcham,  J . A . R .  G r i f f i t h ,  0 .  K a r b a n ,  G.S.  Mani  
and S. Roman,  N u c l ,  Phys .  A 1 20 ( 1 9 6 8 )  145 .
W. D ü r r ,  G. C l a u s n i t z e r ,  D. F i c k ,  R. F l e i s c h m a n n ,  
H.M.  Hofmann and K. K i l i a n ,  N u c l .  Phys .
A120 ( 1 9 6 8 )  678 .
T . U .  Chan,  J . P .  Lon gequ eue  and H. B e a u m e v i e i 11e,  
N u c l .  Ph ys .  A124 ( 1 9 6 9 )  449 .
N . P .  H e y d e n b u r g .  C.M.  Huds on ,  D.R.  I n g l i s  and 
W.D.  W h i t e h e a d ,  J r . ,  Phys .  Rev.  7JL ( 1948 )
241 and Ph ys .  Rev.  7_4 ( 1948 ) 405 .
F.  H i r s t  and R. U e b e r g a n g ,  Aust . .  J .  S e i .  Res.  4A
( 1 9 5 1 )  284 .
Y. C a s s ag no u ,  J . M . F .  J e r o n y m o ,  G.S .  M a n i ,  A.  S adegh i  
and P .D.  F o r s y t h ,  N u c l .  Phys .  3JL ( 1962  ) 449 .
N. Sarma,  K . S .  J a y a r a m a n  and C . K .  Kumar ,  N u c l .  Phys .  
44 ( 1 9 6 3 )  205 .
G .  S. M a n i ,  R. F r eeman ,  F. P i c a r d ,  A.  S adegh i  and
D. Redon,  N u c l .  Phys .  J60 ( 1964 ) 588 .
B 86
10) Ke Bearpark, I. Hall, R, E , Segel, S.M. Shafroth and
N.W, Tanner, Nucl , Phys. .33 ( 1962 ) 648 *
11) Ye Antoufiev, I. Bondouk, A. Fikri, F, Machali and
P.V. Sorokin, Nucl. Phys. 4_7 ( 1963 ) 426 ,
12) F. Asfour, I. Bondouk, V.J. Gontchar, V.A. Loutsik,
F. Machali and 1.1. Zaloubovsky, Nucl. Phys.
.58 ( 1964) 453 .
13) I. Boca, M. Borsaru, M. Cenja, C. Hategan and
E . lliescu, Phys. Lett. 2_2 ( 1966 ) 76 .
14) C. Petitjean and L. Brown, Nucl. Phys. Al11 (1968)
177.
15) G.R. Plattner, To B. Clegg and L.G. Keller, Nucl.
Phys. Al11 (1968) 481.
16) K. Kilian, G. Clausnitzer, W. Dürr, D. Fick,
R. Fleischmann and H.M. Hofmann, Nucl. Phys.
Al 2 6 ( 1969) 529 .
17) R.F. Christy and S. Rubin, Phys. Rev. 7JL ( 1947 )
2 7 5 A .
18) D.R. Inglis, Phys. Rev. 7_4 ( 1948) 21.
19) L. Wolfenstein, Phys. Rev. 75_ (1949 ) 1664.
20) R.A. Lux, (Ph.Do thesis, University of Wisconsin),
Dissertation Abstracts 2it ( 1964 ) 5480 .
S.E. Darden, in Proc» Second Int. Symp, on
Polarization Phenomena of Nucleons, ed.
P. Huber and H. Schopper, Birkhausser, Basel 
(1966) .
B 87
21)  M, B o r s a r u ,  M, C e n j a ,  C0 Ha t e g a n  and E0 l l i e s c u ,
Revo Roum0 Phys , 12 ( 1967 ) 661
22)  S i g n  C o n v e n t i o n  f o r  P a r t i c l e  Po 1 a r i z a t i o n , N u c l 0
Physo 21 ( 1 9 6 0 )  696
23)  J , M 0 Freeman, ,  R»C, Hanna and J 0H, M o n t a g u e ,
N u c 1 0 Physo 5 ( 1958 ) 148 0
24)  WoEo Bu r c ham,  GoP 0 M c C a u l e y ,  D0 B r e d i n ,  W0M0 G i b s o n ,
D„ Jo Pr owse and J 0 R o t b l a t ,  Nuc l  0 P h y s 0 5.
( 19 58 )  141.
25)  G Mo L e r n e r  and J » B 0 M a r i o n ,  N u c l . l n s t r Q and
Metho 69 ( 19 69 )  115.
26)  JoMoFo J e r o n y m o ,  G0S 0 M a n i ,  F 0 P i c a r d  and A 0 S a d e g h i ,
Nuc l o  Physo 31 ( 1 9 6 2 )  11.
27)  Vo Me y e r ,  W, P f e i f e r  and H 0H 0 S t a u b ,  H e l v 0 P h y s 0
A c t a  36 ( 1 9 6 3 )  4 6 5 0
28)  GoSo M a n i ,  R0M0 F r eeman ,  F s P i c a r d ,  D0 Redon and
Ao S a d e g h i ,  P r o c 0 P h y s 0 S o c 0 15 ( 1 9 6 5 )  2 8 1 n
29)  ToAo W e l t o n ,  i n  F a s t  N e u t r o n  P h y s i c s  P a r t  I I ,  e d 0
JoBo M a r i o n  and J „ Lo  F o w l e r ,  I n t e r s c i e n c e  
P u b l i s h e r s  ( 19 63 ) 0
30)  AoM,  Lane and R0G0 Thomas,  R e v 0 Modo P h y s D 10
( 1958 ) 25 7 n
31)  A« Si mon and T 0A,  W e l t o n ,  P h y s 0 R e v 0 9j+ ( 1954 ) 9 4 3 0
32)  JoMo B l a t t  and L . C 0 B i e d e n h a r n ,  R e v 0 Mod0 Phys .  2_4
( 1 9 5 2 )  258 ,
R 88
3 3 )  K , M. H o w e l l ,  T a b l e s  o f  9 - j  S y m b o l s ,  U n i v e r s i t y  o f
S o u t h a m p t o n  R e s e a r c h  R e p o r t  5 9 - 2  ( 1 9 5 9 ' ) ,
3 4 )  M.  R o t e n b e r g ,  R e B i v i n s ,  N.  M e t r o p o l i s  and
J , K .  Wo t e n ,  J r , ,  The  3 - j  a n d  6 - j  S y m b o l s ,
M . l . T .  P r e s s ,  C a m b r i d g e ,  M.ass.  ( 1959 ) ,
3 5 )  F . C .  B a r k e r ,  H , J S Hay a nd  P . B ,  T r e a c y ,  A u s t .  J ,
P h y s ,  21 ( 1 9 6 8 )  2 3 9 .
3 6 )  F . C .  B a r k e r ,  A u s t ,  J .  P h y s , 22. ( 1 9 6 9  ) 293 ,
3 7 )  P. D a r r i u l a t ,  G.  I g o ,  H . G .  Pugh a n d  H . D ,  H o l m g r e n ,
P h y s .  Rev ,  137. ( 1965  ) B3 1 5 .
3 8 )  S . A ,  A f z a l ,  A . A . Z ,  Ahmad a nd  S,  A l i ,  Rev ,  Mod ,  P h y s .
4 1  ( 1 9 6 9 )  2 4 7 ,
3 9 ) S.  Cohen and D.  K u r a t h ,  N u c l . P h y s .  13 ( 1 9 6 5 )  1
4 0 ) F . C .  B a r k e r , N u c l  . P h y s . 8.3 ( 1 9 6 6 )  4 1 8 ,
4 1 ) P « D a r r i u l a t , P h , D » t h e s i s , U n i v e r s i t y o f  P a r i s
( 1965  ) .
4 2 )  A 0D, B a c h e r ,  F . G ,  R e s m i n i ,  H . E .  C o n z e t t ,
R. de S w i n i a r s k i  a nd  H.  M e i n e r ,  B u l l ,  Am.  
P h y s .  S o c .  14 ( 1 9 6 9 )  1 2 1 8 ,
4 3 )  M, D a y h u f f  a nd  R . G.  S e y l e r ,  B u l l ,  Am,  P h y s .  S o c ,
14 ( 1 9 6 9 )  1 2 1 3 .
4 4 )  N.  Kumar  a nd  F . C ,  B a r k e r ,  t o  be p u b l i s h e d .
